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Conventions

»

bold

italic

monospace

monospace bold

monospace italic

The following conventions are used in this manual:

The » symbol leads you through nested menu items and dialog box options
to a final action. The sequence File»Page Setup»Options directs you to
pull down the File menu, select the Page Setup item, and select Options
from the last dialog box.

This icon denotes a note, which alerts you to important information.

Bold text denotes items that you must select or click in the software, such
as menu items and dialog box options. Bold text also denotes parameter
names.

Italic text denotes variables, emphasis, a cross-reference, or an introduction
to a key concept. Italic text also denotes text that is a placeholder for a word
or value that you must supply.

Text in this font denotes text or characters that you should enter from the
keyboard, sections of code, programming examples, and syntax examples.
This font is also used for the proper names of disk drives, paths, directories,
programs, subprograms, subroutines, device names, functions, operations,
variables, filenames, and extensions.

Bold text in this font denotes the messages and responses that the computer
automatically prints to the screen. This font also emphasizes lines of code
that are different from the other examples.

Italic text in this font denotes text that is a placeholder for a word or value
that you must supply.
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Introduction

The Xmath Interactive Control Design Module (ICDM) is a complete
library of classical and modern interactive control design functions that
takes full advantage of Xmath’s powerful, object-oriented, graphical
environment. It provides a flexible, intuitive interactive control design
framework. This manual provides an overview of different aspects of linear
systems analysis, describes the Xmath Interactive Control Design function
library, and gives examples of how you can use Xmath to solve problems
rapidly.

Using This Manual

This manual is meant to complement the Xmath Help system. The Xmath
Help system can be used to find answers to specific questions such as, “In
the Root Locus window, how can I add a new pair of complex poles to the
controller?” In contrast, this manual is intended for describing the general
concepts and operation of the ICDM.

Document Organization

This manual includes the following chapters:

e Chapter 1, Introduction, starts with an outline of the manual and some
use notes. It also contains an overview of the Interactive Control
Design Module.

»  Chapter 2, Introduction to SISO Design, outlines the types of linear
systems the system object represents and then discusses the
implementation of a system within Xmath.

*  Chapter 3, ICDM Main Window, describes the use of the ICDM Main
Window, which includes communication with Xmath, displaying
warning and log messages, displaying a variety of standard plots,
selecting a synthesis method for controller design, and controlling
auxiliary windows.

*  Chapter 4, PID Synthesis, discusses the PID synthesis window. This
window is used to synthesize various types of standard classical SISO
controllers such as P, PI, PD, PID, lead-lag, and lag-lead.

© National Instruments Corporation 1-1 Xmath Interactive Control Design Module



Chapter 1

Introduction

Chapter 5, Root Locus Synthesis, describes the user interface,
terminology, and parameters used for root locus synthesis.

Chapter 6, Pole Place Synthesis, discusses the Pole Place synthesis
window, which is used to design a SISO controller by assigning the
closed-loop poles.

Chapter 7, LOG Synthesis, discusses the LQG synthesis window
which is used to synthesize a linear quadratic Gaussian (LQG)
controller for a SISO plant.

Chapter 8, H-Infinity Synthesis, describes the Heo synthesis window
used for SISO plants. The Heo synthesis window is used to synthesize
a central controller. Such controllers are sometimes called linear
exponential quadratic Gaussian (LEQG) or minimum entropy
controllers.

Chapter 9, History Window, describes the History window used for
SISO plants. The History window is used to display and manipulate the
design history list, which is a list of controllers that have been
explicitly saved during the design process.

Chapter 10, Alternate Plant Window, describes the form of the
Alternate Plant window used for SISO design.

Chapter 11, Introduction to MIMO Design, provides an introduction
to MIMO design building on the earlier discussions of SISO design.
ICDM automatically switches between SISO and MIMO modes
depending on the plant that is read in.

Chapter 12, LOG/H-Infinity Synthesis, describes the MIMO LQG/Heo
synthesis window. The LQG/He window is used to synthesize both
LQG and Hee controllers. The two design methods have been
combined in a single window because of the similarity regarding the
use of weights: constant weights, frequency-dependent weights, and
integrators.

Chapter 13, Multi-Loop Synthesis, describes multi-loop synthesis. The
multi-loop window is used to synthesize a MIMO controller using PID
and Root Locus methods, applying them one loop at a time. In many
practical industrial applications, this is the way control systems are
designed for complex multivariable plants.

Appendix A, Using an Xmath GUI Tool, describes the basics of using
an Xmath GUI tool. Throughout this manual, extended examples
following each function discussion help pinpoint the flexibility and
applicability of the Interactive Control Design function library. This
appendix describes the basics of using an Xmath GUI tool.
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Commonly-Used Nomenclature

This manual uses the following general nomenclature:

Related Publications

Matrix variables are generally denoted with capital letters; vectors are
represented in lowercase.

G(s) is used to denote a transfer function of a system where s is the
Laplace variable. G(g) is used when both continuous and discrete
systems are allowed.

H(s) is used to denote the frequency response, over some range of
frequencies of a system where s is the Laplace variable. H(q) is used to
indicate that the system can be continuous or discrete.

A single apostrophe following a matrix variable, for example, x',
denotes the transpose of that variable. An asterisk following a matrix
variable (for example, A*) indicates the complex conjugate, or
Hermitian, transpose of that variable.

For a complete list of MATRIXXx publications, refer to Chapter 2,
MATRIXx Publications, Help, and Customer Support, of the MATRIXx
Getting Started Guide. The following documents are particularly useful for
topics covered in this manual:

© National Instruments Corporation

MATRIXx Getting Started Guide

Xmath User Guide

Xmath Control Design Module

Xmath Interactive Control Design Module

Xmath Interactive System Identification Module, Part 1
Xmath Interactive System Identification Module, Part 2
Xmath Module Reduction Module

Xmath Optimization Module

Xmath Robust Control Module

Xmath Xu Module
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MATRIXx Help

Interactive Control Design Module function reference information

is available in the MATRIXx Help. The MATRIXx Help includes all
Interactive Control Design functions. Each topic explains a function’s
inputs, outputs, and keywords in detail. Refer to Chapter 2, MATRIXx
Publications, Help, and Customer Support, of the MATRIXx Getting
Started Guide for complete instructions on using the MATRIXx Help
feature.

ICDM Overview

This section provides an overview of the Interactive Control Design
Module, a tool for interactive design of continuous-time linear
time-invariant controllers. [ICDM runs under Xmath, using the Xmath
Graphical User Interface (GUI).

SISO Versus MIMO Design

Starting ICDM

Version 2.0 of ICDM handles full multivariable design, that is, design of
multi-input multi-output (MIMO) controllers for MIMO plants. Thus
ICDM 2.0 operates in two basic modes: SISO design (single input, single
output) and MIMO design. The mode is determined automatically by the
plant you read into ICDM. The two different modes feature somewhat
different plot options, different synthesis options, and so on.

NI has made the notation, conventions, and windows used for MIMO
design as similar as possible to those used for SISO design. Therefore a
user familiar with version 1.0 of ICDM (which handled only SISO design)
should have little trouble using the new MIMO synthesis tools. NI also
recommends that the user who wishes to use ICDM for MIMO design start
by becoming familiar with its features for SISO design.

Chapters 2 through 10 discuss SISO design. Chapters 11 through 13 discuss
MIMO design. The MIMO descriptions have been written for the user who
is familiar with SISO design features.

To use ICDM, you should:

e Have auser’s understanding of Microsoft Windows or X Windows and
the window manager that you use. For example, you should be able to
move, resize, and iconify windows; use a pull-down menu; and use a
scrollbar.
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*  Have a user’s understanding of Xmath (enough to create a plant
transfer function).

*  Know the basics of how to interact with an Xmath GUI
application—for example, using a slider to set a parameter value, a
variable-edit box for typing in values, data-viewing, and plot zooming.

*  Know the basics of classical control system design (for SISO design)
and state-space design (for MIMO design).

An introduction to Xmath and a basic introduction to X Windows can be
found in the Xmath User Guide. There are several ways you can find out
about the basics of interacting with an Xmath GUI application:

* Refer to Appendix A, Using an Xmath GUI Tool.

*  Enter guidemo in the Xmath Command window to start up the GUI
demo applications; this allows you to try out sliders, push buttons,
scrollbars, data-viewing, and so on.

After you have mastered the basic mechanics of using an Xmath GUI
application, you should be ready to get started.

To start up ICDM, enter icdm in the Xmath Command window:

Your window manager may require you to position a window that is created
using the left or middle mouse button. After the ICDM Main Window
appears, the Xmath command prompt will return. You now can use Xmath
and ICDM simultaneously.

The user interface for ICDM is designed to be intuitive; that is, things
mostly work the way you would assume that they should work, so you
should be able to start using ICDM immediately. NI recommends that you
read Chapter 2, Introduction to SISO Design, before using the module.

ICDM includes a complete Help system. In the menu bar of every ICDM
window there is a Help menu. The Help messages contain detailed
descriptions of every feature and function of ICDM. You can get a good
overview of the features of ICDM by scanning the entries in the menu bars
and reading the Help messages in the various windows.

ICDM function reference material is available in the MATRIXx Help. Refer
to Chapter 2, MATRIXx Publications, Help, and Customer Support, of the
MATRIXx Getting Started Guide for additional instructions on using the
MATRIXx Help.
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Xmath provides a structure for system representation called a system
object. This object includes system parameters in a data structure designed
to reflect the way these systems are analyzed mathematically. Operations
on these systems are likewise defined using operators that mirror as closely
as possible the notation control engineers use. This chapter outlines the
types of linear systems the system object represents and then discusses the
implementation of a system within Xmath. The functions used to create a
system object and to extract data from this object are an intrinsic part of the
object class and are also described. Finally, this chapter discusses the
functions check, discretize, and makecontinuous, which use information
stored in the system object to convert systems from one particular
representation to another.

SISO Design Overview

This section provides an overview of what ICDM does and how it works,
restricting the discussion to SISO design. If your interest is MIMO design,
you first should read this chapter and then Chapter 11, Introduction to
MIMO Design.

Basic SISO Terminology

This section describes the basic terminology and notation for SISO plants
and controllers used in ICDM and this manual. ICDM uses the standard
classical feedback configuration shown in Figure 2-1.

Figure 2-1. Standard Classical Feedback Configuration Used in ICDM
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The equations describing this system are as follows:

y = Pu
u = Ce
e=r-y

where  y denotes the plant output or sensor signal
u denotes the plant input or actuator signal
r denotes the reference or command input signal
e denotes the error signal
P denotes the plant transfer function

C denotes the controller transfer function

In ICDM, the plant and controller transfer function are required to be
rational, that is, the ratio of two polynomials:

_ 1 _ )
P(s) 4, C(s) 4.0)

where n,, d,,, n., and d. are polynomials called the plant numerator,

plant denominator, controller numerator, and controller denominator,
respectively. The symbols n and d are mnemonics for numerator and
denominator. The degree of d), is the plant order or plant degree. Similarly,
the degree of d. is the controller order or controller degree.

The poles and zeros of these transfer functions are the zeros (roots) of the
denominator and numerator polynomials, respectively.

In ICDM, P and C are required to be proper polynomials; that is, they have
at least as many poles as zeros. In other words, the degree of n,, is less than
or equal to the degree of d, (which is N) and similarly for n. and d.. In some
situations, the plant and controller are required to be strictly proper, which
means that there are more poles than zeros.

Other important terms include:

*  The loop transfer function L is defined as L = PC. The loop gain is the
magnitude of the loop transfer function.

* The sensitivity transfer function is denoted as S and given by
S = 1/(1 + PC). The sensitivity transfer function is the transfer function
from the reference input r to the error signal e.
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The closed-loop transfer function T is given by T= PC/(1 + PC). T is
the transfer function from 7 to y.

The characteristic polynomial of the system is defined as
X = n.n, + d.d,. Its degree is equal to the order of the plant
plus the order of the controller.

The closed-loop poles are the zeros of the characteristic polynomial.
This definition avoids any problem with unstable pole-zero
cancellations between the plant and controller. The closed-loop zeros
are the zeros of n.n,,

The output response to a unit step input (or just, the step response),
is the step response of the transfer function T; that is, the response of
y when the command input r is a unit step.

The actuator step response is the step response of the transfer function
C/(1 + PC), which is the transfer function from r to u.

Integral action means that the controller C has a pole at s = 0. Roughly
speaking, this means that the loop gain is very large at low frequencies.
Integral action implies that S(0) = 0, so if r is constant, the error e
converges to zero, that is, the output y(#) approaches r as r — oo.

Overview of ICDM

This section provides a broad overview of the architecture, concepts, and
major functions of ICDM, restricting our discussion to the case of SISO
plants and controllers. This section also provides a summary of how ICDM
works and what it does.

ICDM Windows

ICDM supports many windows that serve a variety of functions. The most
important windows are:

© National Instruments Corporation

ICDM Main window

PID Synthesis window

Root Locus Synthesis window
Pole Place Synthesis window
LQG Synthesis window

Heo Synthesis window
History window

Alternate Plant window
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These are briefly described in the following sections, and in more detail in
later chapters. Several of these windows have different forms for SISO and
MIMO design. This chapter restricts the discussion to the SISO forms.
Refer to Chapter 11, Introduction to MIMO Design, for a discussion of the
MIMO forms.

ICDM Main Window

The most important window is the ICDM Main window, which is used to:

e Communicate with Xmath (for example, transfer plants/controllers
from/to Xmath).

e Display warning and log messages.
* Display a variety of standard plots.
e Select a synthesis method for controller design.

*  Control several auxiliary windows.

PID Synthesis Window

The PID Synthesis window is used to synthesize a PID controller, with up
to two additional poles (usually used for high frequency rolloff). Each term
can be separately toggled on and off, so the PID window can be used to
synthesize P, PD, PI, PID, lead-lag, and lag-lead controllers. The design
parameters can be typed in, manipulated graphically by slider controls, or
manipulated graphically on a Bode plot of the controller transfer function.

Root Locus Synthesis Window

The Root Locus window can be used in many ways for synthesis and
analysis of controllers. It can display a conventional root locus in near
real-time, while the user drags controller poles and zeros. The user can
graphically create or destroy controller poles and zeros. The closed-loop
poles can be dragged along the root locus plot, which causes the gain
parameter to be set automatically. Nonconventional phase and gain
contours can be plotted as an aid to controller synthesis or robustness
analysis.

Pole Place Synthesis Window

The Pole Place Synthesis window is used to design a controller by
assigning the closed-loop poles. The closed-loop poles can be typed in, or
dragged on a plot. The closed-loop poles can be scaled in frequency or time
by graphical input, or assigned to a Butterworth configuration. The pole
place window supports integral action as an option.
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LQG Synthesis Window

The LQG Synthesis window synthesizes LQG controllers, and therefore
can be used only with strictly proper plants. The user can vary weights for
the ratio of control (input) to regulation (output) cost and the ratio of sensor
(output) noise power to process (input) noise power. Optionally, the user
can specify a guaranteed decay rate and integral time constant. By dragging
zeros on a symmetric root locus plot, the user can vary the state weighting
or perform LTR design.

There also is a MIMO LQG window, described in Chapter 12,
LQG/H-Infinity Synthesis.

H-Infinity Synthesis Window

The Heo Synthesis window synthesizes central Hee controllers (also called
minimum entropy, risk sensitive, or LEQG controllers). The user can vary
weights for the ratio of control (input) to regulation (output) cost, the ratio
of sensor (output) noise power to process (input) noise power, and the risk
sensitivity or Hee bound parameter y. The user can vary the state weighting,
or equivalently, the output weight transfer function, by dragging zeros.

History Window

The History window is used to display and manipulate the design history
list, which is a list of controllers that have been explicitly saved during the
design process. The History window can be used to rapidly cycle through
and compare a subset of the saved designs. Any controller on the history
list can be recalled, and the design process continued.

Alternate Plant Window

The Alternate Plant window is used to study the robustness of a controller
to variations or changes in the plant. The user can interactively vary the
plant gain or dynamics, or add extra parasitic dynamics to the plant, see the
effect on the closed-loop system, and compare it to the nominal system.

Key Transfer Functions and Data Flow in ICDM
ICDM has three key transfer functions:
*  The plant transfer function P
*  The alternate plant transfer function P,

e The current controller transfer function C
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The plant and the alternate plant have very different uses in ICDM, and
therefore different data flow characteristics.

The plant transfer function is read from Xmath into the ICDM Main
window, and is then exported to the synthesis windows that need it—Pole
Place, LQG, and Heo. In other words, the controllers designed using the
Pole Place, LQG, or Hee Synthesis windows are based on the plant transfer
function. You cannot change the plant transfer function in ICDM except by
reading in a new plant from Xmath.

The alternate plant transfer function can be read into ICDM from Xmath,
or set equal to the plant transfer function. Its properties are very different
from the plant transfer function, however:

e Using the Alternate Plant window, the user can graphically manipulate
the alternate plant transfer function.

e The alternate plant transfer function is never exported to—that is, used
by—the synthesis windows that need to know the plant: Pole Place,
LQG, Hee.

The alternate plant transfer function is used to verify a controller design
that was based on the plant transfer function. The alternate plant transfer
function is used only to show the alternate plant plots in the ICDM Main
window. Refer to the What the ICDM Main Window Plots Show section.

Summary

The plant transfer function is used for design; the alternate plant transfer
function is used for (robustness) analysis or validation.

The distinction is not so important for PID and root locus design, because
the controller does not depend on the plant.

Origin of the Controller

The controller can originate from—that is, be designed by—several
possible sources:

* An Open Synthesis window—~For example, if the Pole Place Synthesis
window is open, then the current controller is determined by the Pole
Place Synthesis window. When you interact with the Pole Place
window by dragging a closed-loop pole to a new location, you will
be changing the current controller transfer function C.

e The History window—If the History window is open, the controller
comes from the list of controllers that have been saved on the history
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list. The current controller is the active or selected entry on the list of
saved controllers.

Only one synthesis window, or the History window, is allowed to be open
at any given time, which eliminates any possible confusion over the source
of the current controller. Remember the simple rule: If any synthesis
window, or the History window, is open, it is the source of the current
controller.

What the ICDM Main Window Plots Show

The plots in the ICDM Main window always use the plant and the current
controller. For example, the step response plot shows the step response of
the closed-loop system formed by the plant transfer function and the
current controller transfer function.

Optionally, the plots also can show the response of the alternate plant
connected with the current controller. In this case, the responses with the
plant and the alternate plant are shown in different line types or colors, and
can always be distinguished by data-viewing. Refer to the Data-Viewing
Plots section.

Controller/Synthesis Window Compatibilities

As much as possible, ICDM allows you to switch from one synthesis
method to another while keeping the current controller the same. As an
example, suppose the LQG Synthesis window is open, so the current
controller is an LQG controller. You then can open the Root Locus
Synthesis window, which will be initialized with the current (LQG)
controller. Moreover, opening the Root Locus window will cause the LQG
synthesis window to close. You now can continue the design using the Root
Locus window. For example, you might delete some controller poles and
zeros—that is, do some interactive controller model reduction. When you
have deleted some controller poles and zeros, the controller will no longer
be an LQG controller, so you cannot expect to be able to open the LQG
window and retain the current controller.

There are some restrictions on the controllers that each synthesis window
can accept (read):

*  The PID Synthesis window can accept any PID controller. The PID
Synthesis window is intuitive enough to figure out if a given controller
has PID form and, if so, set its parameters appropriately.

*  The Root Locus window accepts all controllers, so it can be opened at
any time. The current controller will be read into the Root Locus
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window. Thus, the Root Locus Synthesis window can be used to
interactively tweak or model-reduce a controller designed by another
method such as LQG.

*  The Pole Place window accepts any controller with the same number
of poles as the plant, or one more pole than the plant if it has integral
action. In particular, the Pole Place window can accept any LQG or Heo
controller with or without integral action. This allows the user to
manually tune the closed-loop poles in a design that was originally
LQG or Heo.

e The LQG window only accepts controllers that were generated by the
LQG synthesis window.

e The Heo Synthesis window only accepts controllers that were generated
by the Heo Synthesis window.

e The History window, which can be considered as a synthesis window
since it exports a controller to the ICDM Main window, is compatible
with all controllers. If the current controller has been saved on the
history list, then the History window opens, with the current controller
the active controller on the history list. If the current controller has not
been saved on the history list, it is first automatically saved on the
history list, then the History window opens with the current controller
active.

These restrictions are important when you select a new synthesis window
or read a controller from Xmath into ICDM. If the controller is not
compatible with the synthesis window, the user is warned and given several
options about how to proceed. In general, these restrictions on controllers
and synthesis windows should be transparent to the user. ICDM is designed
to do something sensible whenever a conflict can arise, and to warn the user
before any damaging actions are taken.

When the new controller and synthesis window will be compatible, the new
synthesis window is initialized with the controller. The user can simply
start designing, using the new synthesis window, from the current design.
Roughly speaking, ICDM tries to keep the current controller when you
select a new synthesis window.

As an example, suppose the LQG window is used to design an LQG
controller. The user then can open the Pole Place window, which will be
initialized with the LQG controller, and continue the design by dragging the
closed-loop poles to new locations. At this point, the user cannot expect to
import the current controller back into the LQG Synthesis window because
the controller is no longer an LQG controller. The user can, however, open
the Root Locus window, which will be initialized with the current
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controller. Using the Root Locus window, the user could reduce the
controller to a PI controller by deleting poles and zeros, at which point
the PID window can be opened, initialized at the current controller.

Using ICDM

ICDM can be used in many ways. For example, you might:
* Interactively design a controller.
*  Switch synthesis methods and continue designing.

* Review and compare your best designs, and perhaps start designing
again from a previous design.

*  Analyze the robustness of one or more controllers, with respect to
variations in the plant transfer function, export one or more controllers
to Xmath, such as for a nonlinear simulation or downloading to an
AC-100 for real-time testing.

The most common tasks are interactively designing a controller, and
interactively studying the robustness of a given controller. Figure 2-2
shows a simplified schematic representation of the interactive design loop.

ICOM Synthesis ts) ICOM Main
Designer > Window _ _|_ _ _ _ 3 Window

Figure 2-2. Simple Representation of the Interactive Design Loop

The solid lines indicate graphical or alpha-numeric communication. The
dashed line shows the automatic export of the controller from the synthesis
window to the ICDM Main window. Notice that only one synthesis window
can be open at any given time. Also notice that for the purposes of design,
the user interacts only with the synthesis window and not with the ICDM
Main window.
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Figure 2-3 shows a simplified schematic representation of the interactive
robustness analysis loop. Here, the user interacts with the Alternate Plant
window, interactively changing the alternate plant transfer function P,
which is automatically exported to the ICDM Main window for analysis
and display. The user receives graphical information from the Alternate
Plant window displays and also the ICDM Main window.

Figure 2-3 shows a simplified schematic representation of the interactive

design loop.
Alternate Palt (s) ICDM Main
Designer > Plant o Window
g " Window >

A T A

Figure 2-3. Simple Representation of the Interactive Robustness Analysis

Figure 2-4 shows a simple ICDM session. The ICDM Main window is
shown at upper left, and the Pole Place Synthesis window is at lower right.
The user can drag the closed-loop poles in the Pole Place window. The
controller that is synthesized is automatically exported to the ICDM Main
window for analysis and plotting. Notice that the user’s graphical input is
mostly through the Pole Place window. The ICDM Main window is used
mostly for graphical output.
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Figure 2-4. Simple ICDM Session

General Plotting Features

All of the plots in the ICDM Main and other windows support several
useful features: arbitrary re-ranging, zooming, data-viewing, and
interactive (graphical) re-ranging.

Ranges of Plots and Sliders

Every ICDM window has an associated Ranges window that can be used to
set the ranges of the sliders and plots appearing in the window, as well as
other parameters such as numbers of points plotted. The Ranges window
can be opened by selecting Ranges on the View or Plot menu, or by
pressing <Ctrl-R> in the window in question. In addition, every ICDM
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window has an autoscale feature, which can be invoked by selecting
Autoscale on the View or Plot menu of the window. When you invoke
Autoscale, ICDM tries to assign some reasonable values to the slider and
plot scales.

Zooming

You can enlarge any portion of an ICDM plot using plot zooming. Clicking
the middle mouse button with the cursor anywhere in the plot creates a
small box containing a magnified version of the plot near the cursor. The
middle mouse button can be held down and dragged, which creates an
effect similar to dragging a magnifying glass across the plot.

Pressing <Ctrl> along with the middle mouse button (on UNIX) increases
the size of the magnified box. Clicking with the middle mouse button
increases the zoom factor. Pressing <Shift-Ctrl> along with middle mouse
button yields a large zoom box with a large magnification factor.

Zooming is a good way to read text in ICDM plots—for example, titles,
axis labels, and so on. These were intentionally made small because
zooming is easy.

Data-Viewing Plots

Pointing at or near plotted information within the ICDM windows and
clicking the right mouse button causes a small window to appear that
identifies the plot and gives the coordinates of the nearest data point
(for example, Loop Gain, L(10.1Hz) I=+11.2dB), along with its index.
This feature is called data-viewing.

If the right mouse button is clicked and dragged, the selected plot is tracked,
even if another plot comes close.

Pressing <Shift> along with the right mouse button allows the user to get

values on the piecewise linear plot that interpolates the data values. In this
case, index =45.7 means that the selected plot point is between the 45th and
46th X-coordinate entries.

Because all ICDM plots have extensive data-viewing features, the number
of labels used to identify plots are minimal. For example, the Root Locus
plot has red and black poles and zeros shown, but no indication or label in
the plot saying what these colors mean. On a black-and-white display, you
cannot distinguish between the red and black poles/zeros. You can read in
the Help file message that the red ones correspond to the plant, and the

black ones to the controller. However, the easiest way to find out what the
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poles and zeros are (and indeed, the only way on a black-and-white display)
is to use data-viewing.

As a general rule: To find out the meaning, purpose, or value of an object
(pole, zero, curve, and so on.) in an ICDM plot, use data-viewing.

Most objects in the ICDM Plot windows support data-viewing.

Interactive Plot Re-ranging

The range for any plot can be set in the appropriate Ranges window.
Alternatively, the ranges for plots can be interactively changed by grabbing
and dragging the axes of the plots. To make the plot range smaller, grab and
drag the appropriate axis to the desired location. A dashed line shows what
the new plot range will be. To make the plot range larger, click the left
mouse button on the appropriate axis and, while holding the button down,
move the cursor away from the plot axis. In this case you will not see a
dashed line showing the new plot range. Instead, a small box will appear
that tells you what the new range will be. The new range is given by
extrapolation of the cursor position. You can move the cursor over other
plots, and even out of the plotting window, while increasing the range of
a plot.

If a plot range is symmetric, then the new range also will be symmetric.
That is, for a symmetric plot range the minimum and maximum values for
X orY are the same except for sign. Changing the maximum will also
change the minimum.

These changes will be exported to the Ranges window.

Graphically Manipulating Poles and Zeros

In many of the ICDM windows, the user can grab and drag poles and zeros
graphically. The paradigm of grabbing and dragging poles and zeros is
uniform across windows. Remember that you cannot always grab and drag
every pole or zero you see in an ICDM plot—for example, in the Root
Locus window, you can grab and drag any controller pole or zero, but you
cannot grab or drag a plant pole or zero.

Editing Poles and Zeros

If there is a push button labeled Edit near the plotting area, you can use it
to edit poles and zeros. If you click the Edit button, the cursor will become
apencil symbol. Select a pole or zero by clicking the left mouse button with
the cursor positioned at the desired pole or zero. A dialog box will open that
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contains variable edit boxes for the value of the pole or zero (the real and
imaginary part when the pole or zero is complex) and, if appropriate, its
multiplicity. After you enter new values, you can select OK, which will
make the changes and dismiss the dialog box, or Cancel, which will
dismiss the dialog box without making the changes.

The values you type in will not be accepted if they are invalid—for
example, a negative multiplicity for a pole or zero.

Editing Poles and Zeros Graphically

The easiest way to change a pole or zero is to grab it by clicking the left
mouse button and dragging it to the desired location. You can only drag
poles and zeros in “sensible” ways. For example, you cannot drag a single
real pole or zero off the real axis to a complex location. More precisely, the
dragging of poles and zeros works as described in the following sections.

Complex Poles and Zeros

If the pole or zero that you grab is complex, then the complex conjugate
pole or zero will automatically move as required. In this case you can drag
the pole or zero in any direction.

Isolated Real Poles and Zeros

If the pole or zero that you grab is real and not very close to another real
pole or zero, then the pole or zero motion will be constrained to the real
axis. You cannot drag the pole or zero off the real axis.

Nonisolated Real Poles and Zeros and Almost Real
Pairs

If a pair of nearby poles or zeros is very near the real axis—that is, two
nearby real poles or zeros, or a pair of complex poles and zeros with very
small imaginary part—then the dragging motion will depend on how you
originally drag the poles or zeros. If you drag it up or down, then the pair
acts as a complex pair and there is no constraint on how you can drag it. For
example, two real poles that are very close to each other can be split into a
complex pair by grabbing either one and dragging it away from the real
axis. On the other hand, if you drag the selected pole or zero left or right,
then the pair act as a real pair—the selected pole or zero then can be
dragged only along the real axis, and the other pole or zero becomes real
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(if it was not already) but otherwise does not move. Thus, to make a pair of
complex poles real, you first drag one of them near the real axis and release.
Then you select one of these poles again, and this time drag it left or right.
This will cause the pair to become real.

Adding/Deleting Poles and Zeros

This section describes how you are allowed to add or delete poles or zeros
in some windows. Bear in mind that ICDM may not allow you to add or
delete a zero or pole in certain cases—for example, if the action would
result in a nonproper controller. In this situation, you will be warned with
a dialog box which opens.

To add a zero, click the Add Zero button that is near the plotting area, or
select the Add Zero entry from the Edit menu. In some cases there is an
accelerator for this, such as typing z in the window. These actions will
cause the cursor to become a crosshairs symbol. If you click the left mouse
button with the cursor very near the real axis, then you will create one real
zero. If you click the left mouse button with the cursor farther from the real
axis, then you will create a pair of complex conjugate zeros. Creating a pole
is similar; typing p in the window is the accelerator for creating a pole or
complex conjugate pole pair. To abort a pole or zero add operation, click
the left mouse button with the cursor outside the plot area.

To delete a pole or zero, press the <Ctrl> key near the plotting area, select
the Delete entry from the Edit menu, or enter d in the window. These
actions will cause the cursor to become a skull and crossbones symbol.
Then click the left mouse button with the cursor near the pole or zero that
you want to delete. If the pole or zero is complex, then its complex
conjugate also will be destroyed.

You always can select Undo in the Edit menu to restore deleted poles or
zeros back, provided you have not made any other changes since deleting.
To abort a delete operation, click the left mouse button with the skull and
crossbones cursor in a free area of the plot.

Adding/Deleting Pole-Zero Pairs

When you add (or delete) a pole or zero, you can drastically change the
transfer function that you are editing. In some cases, it may be better to add
(or delete) a pole-zero pair—that is, a pole and zero in exactly the same
location. Adding a pole-zero pair does not change the transfer function at
all until the pole and zero are moved apart.
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To add a pole-zero pair, click the Add Pair button, select the Add Pair
entry on the Edit menu, or press <Ctrl-P> in the window. As with poles
and zeros, the pole-zero pair you create will be either real or a complex
conjugate pair, depending on how close the cursor is to the real axis
when you click the left mouse button.

After the pair is created, you can drag the pole and zero away from
each other, which results in a smooth change to the transfer function.
By convention, the cursor first grabs the zero in a pole-zero pair.

To delete a pole and zero that are very near each other, click the Delete
button, position the cursor near the pole and zero, and click the left mouse
button. This will remove the pole and zero but have little effect on the
transfer function.

If you want to delete a pole or zero that is very near a zero or pole,
respectively, then you may have to first separate them a little bit. Otherwise,
the delete command may be interpreted as a delete pair command.
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This chapter describes the use of the ICDM Main window, which is used to
perform the following functions:

e Communicate with Xmath—for example, transfer plants/controllers
from/to Xmath

* Display warning and log messages
» Display a variety of standard plots
»  Select a synthesis method for controller design

*  Control several auxiliary windows (for example, Ranges, Alternate
Plant)

Notice that the ICDM Main window is not directly used to design the
controller. It is used to make high level decisions, such as which synthesis
method to use, and to view or analyze the response with the current
controller.

This chapter is limited to the discussion of SISO design. For MIMO design
information, refer to Chapter 11, Introduction to MIMO Design.

Window Anatomy

The ICDM Main window, shown in Figure 3-1, consists of the following
elements, from top to bottom:

* A menu bar with File, Edit, Plot, Synthesis, and Help menus.

* A scrolled text area for warnings and messages. You can resize this
area independently of the rest of the ICDM Main window. The log
messages that appear here are meant to give a rough trace of your
ICDM design session. It records major actions such as reading a
new controller or plant in, opening a new synthesis window, saving
controllers to the history list, and so on.

* A line that gives the plant name.
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A line that identifies the type and source of the current controller.
The source is either the currently active synthesis window or the
history list.

A plotting area for the various plots.

T= ICDM Main Window
File Edit Plot Synthesis Help |
9:31:45 PID synthesis wvindow selected 1 [2
9:31:32 Using defanlt plant #3 1
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Communicating with Xmath

Figure 3-1. ICDM Main Window

The File menu is used to communicate with Xmath—that is, to read
controllers and/or plants from Xmath into ICDM, and to write controllers
and/or plants from ICDM back to Xmath.
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Most Common Usage

In most cases, you will read a plant from Xmath at the beginning of an
ICDM design session, and write one or more controllers back to Xmath
during or at the end of an ICDM design session. This is done by selecting
the appropriate entries in the File menu.

Reading a plant into ICDM is often the first thing you do in a design
session. Before a plant is read in, the plots will be empty and you will
be unable to open any synthesis windows.

Similarly, writing the ICDM controller back to Xmath is often the last thing
you do in an ICDM design session before quitting or exiting. If the current
controller has not been written to Xmath and you attempt to exit ICDM,

a dialog box will open and ask for confirmation before exiting.

Default Plants

By selecting FileRead Default Plant, a dialog box will open which you
can use to read one of three default plants into ICDM. This default plant
dialog box is only meant to be used when you are learning how to use
ICDM and need a quick way to enter a plant. It saves you the trouble of
creating a plant in Xmath and then reading it into ICDM. It has no real use,
except in the unlikely event that your plant happens to be one of the default
plants.

Saving and Restoring an ICDM Session

The FileSave Tool button saves the entire state of the ICDM tool into an
Xmath save file. You can continue the design session at another time or on
another computer using the FileRestore Tool button.

Reading Another Plant into ICDM

When you first start ICDM, you can read a plant from Xmath using the
FileRead plant from Xmath button. After there is a plant defined in ICDM,
you can only read a new plant into ICDM from Xmath when there is no
synthesis window and the history window is not open. If you try to read a
plant when a synthesis window or the History window is open, a dialog box
will notify you that the open synthesis or History window first must be
closed.

Reading a new plant into ICDM when there already was a defined plant has
several important consequences. First, all controllers on the history list that
were designed by the Pole Place, LQG, or synthesis windows are converted
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to a simple transfer function representation, which means that you cannot
read them back into the Pole Place, LQG, or synthesis windows because
these types depend on the plant. Also, all synthesis windows will be reset
to their initial (default) settings. Because these side effects may be
undesired, the user is warned before these actions are taken.

Reading a Controller from Xmath into ICDM

You can read a controller from Xmath into ICDM using the FileRead
Controller entry. This requires closing any open synthesis window or the
History window. Reading in a new controller will overwrite the current
controller in ICDM, so unless there is no current controller or you have
saved the current controller to the history list or Xmath, you will be warned
and asked for confirmation.

After you have read in the new controller, you can proceed with opening
a synthesis window, and the usual rules apply. If the synthesis window is
compatible with the current controller that you have just read in, the
parameters in the synthesis window will be set appropriately. If the
synthesis window is not compatible with the controller, you will be warned
that opening the synthesis window will overwrite the controller.

When you read a controller from Xmath, it is represented as a transfer
function. This means that you cannot get a controller from Xmath into
the LQG or synthesis windows.

Writing the Plant Back to Xmath

Because you cannot change the plant transfer function from inside ICDM,
the only reason to write the plant back to Xmath is if you have forgotten
what the plant transfer function is or if you fear that you may have changed
it in Xmath.

Writing the Alternate Plant back to Xmath

If you want to write the alternate plant transfer function to Xmath, use the
Special menu in the Alternate Plant window.

Writing a Controller on the History List to Xmath

If you want to write a controller that has been saved on the history list to
Xmath, you first must make it the current controller by opening the History
window and selecting it. Then use the FileWrite Controller button to write
the current controller to Xmath.
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ICDM Plots

Various plots can be shown at the bottom of the main ICDM window. The
Plot menu is used to select which plots are shown, and also to magnify a
plot or set the plotting ranges. The user can choose any combination of the
following:

*  Loop transfer function magnitude

*  Loop transfer function phase

»  Sensitivity and complementary sensitivity magnitude
*  Closed-loop poles and zeros

*  QOutput response to a unit step input

*  Actuator response to a unit step input

*  Nyquist plot of loop transfer function

*  Nichols plot of loop transfer function

Refer to the Basic SISO Terminology section of Chapter 2, Introduction to
SISO Design, for definitions of these terms. The default plots are loop
transfer function magnitude and phase, and output and actuator response
to a unit step input.

For more information about other plots available for MIMO design, refer to
Chapter 11, Introduction to MIMO Design.

Selecting Plots

Selecting Plot»Plot Choices or pressing <Ctrl-P> in the main [CDM
window will cause a plot selection dialog box to appear, as shown in
Figure 3-2. The plot selection dialog box that appears is modal, which
means that you cannot interact with any other Xmath window until you
have dismissed this dialog by clicking Cancel or OK.

rﬂ Plot Options Dialog
IF Loop gain wagnitude 7 Loop gain phase
A 5¢/T magnitude - Poles & Zeros
I Step response I© Actuator step response
1 HNyguist - Nichols
14 I Apply I Cancel I Help
1

Figure 3-2. ICDM Main Window Plot Choices Dialog
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In the ICDM Main window, the Plot Choices dialog box is used to select
any combination of the eight plots. This dialog box is modal so you cannot
interact with any other Xmath window until you dismiss it.

Ranges of Plots

The ranges for the plots can be set in the Ranges window, shown in
Figure 3-3. The Ranges window can be made to appear by selecting
Plot»Ranges or pressing <Ctrl-R> in the ICDM Main window. The
Ranges window also is used to determine the number of points used
in the plots.

ICDM provides two convenient ways to select ranges for the plots. The first
is to use the Autoscale feature which can be invoked from the Plot menu
or from the Ranges window. When Autoscale is invoked, ICDM tries to
assign sensible ranges to the plots but does not always succeed. The second
convenient method for changing the ranges of plots is to use interactive
re-ranging, which is described in the General Plotting Features section
of Chapter 2, Introduction to SISO Design.

The ICDM Ranges window, shown in Figure 3-3, is used to set the analysis
ranges and plot ranges for the ICDM Main window.
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Figure 3-3. ICDM Ranges Window

Plot Magnify Windows

In addition to the standard plotting features (zooming, data-viewing, and
interactive re-ranging) described in the General Plotting Features section
of Chapter 2, Introduction to SISO Design, the plots in the ICDM Main
window support another feature: plot magnify windows.

Selecting Plot»Plot Magnify or pressing <Ctrl-M> or in the ICDM Main
window will cause the cursor to change into a crosshairs symbol.
Positioning the cursor over an ICDM plot and clicking the left mouse
button causes the plot to appear, in a new window called a Plot Magnify
window, as shown in Figure 3-4. This window can be resized using the
window manager, and can be independently re-ranged. Refer to the Ranges
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of Plots section. If another plot is subsequently selected for magnifying,
it will replace the current plot in the plot magnify window.

The Plot Magnify window is a separate window that shows one of the
ICDM main plots. The Plot Magnify window, shown in Figure 3-4, can
be independently resized by the window manager. The ranges of the Plot
Magnify window can also be independently set.

rﬂ ICDM Plot Magnify

ecial View Hel,
Sp bt Help

Aot step response

Figure 3-4. Plot Magnify Window

It also is possible to select a portion of a plot for magnification. Click and
drag the left mouse button with the cursor in an ICDM plot. While holding
the left mouse button down, you can drag out a box (shown in dashed lines);
when you release, the dashed box becomes the range for the magnified plot.
You also can drag out a box in the magnified plot itself. This effectively
changes the range of the magnified plot.

By selecting Plot»New Plot Magnify or pressing <Ctrl-N> in the ICDM
Main window, you can select a plot for magnification. In this case, the new
plot will appear in a new Plot Magnify window. When multiple Plot
Magnify windows are open, the Plot Magnify command will send the
selected plot to the most recently created Plot Magnify window. New Plot
Magnify will create a new Plot Magnify window.
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Selecting a Synthesis or History Window

The Synthesis menu in the ICDM Main window is used to select which
synthesis window will be active. If the current controller is compatible with
the requested synthesis window, then the synthesis window opens, and is
initialized with the current controller.

If the current controller is not compatible with the Synthesis menu
selected, then a dialog box appears that gives the user several options. If the
user proceeds in this case, the current controller will be replaced with the
previous design in the synthesis window selected. For example, if the Root
Locus Synthesis window is open so that the current controller is a general
transfer function, and the user requests the LQG Synthesis window, a
dialog box will issue a warning that the current design will be overwritten,
and give the user the option of cancelling the request, proceeding, or
writing the current (Root Locus) controller to the history list before
proceeding. If the user proceeds, then the Root Locus window will close,
the LQG window will open, and the current controller will be overwritten
with the controller from the LQG Synthesis window.

To open the History window, select Synthesis»History. Because all
controllers are compatible with the History window, the History window
will open with the current controller active. In other words, the current
controller will be saved on the history list (if it has not already been saved)
and made the active or selected controller on the history list.

Edit Menu

The Edit menu has two important entries:

*  Selecting EditAdd to History, or typing h in the ICDM Main window,
will cause the current controller to be saved on the history list. You will
be prompted for a comment that will be saved along with the current
controller. Refer to Chapter 9, History Window.

*  Selecting Edit»Alternate Plant window causes the Alternate Plant
window to appear. Refer to Chapter 10, Alternate Plant Window.
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This chapter discusses the PID Synthesis window. This window is used to
synthesize various types of standard classical SISO controllers such as P,
PI, PD, PID, lead-lag, and lag-lead. However, the controller that is
designed by the PID Synthesis window will be referred to as a PID
controller even if it has some other form such as PI. Multivariable (MIMO)
PID controllers can be synthesized using the Multiloop Synthesis window.
Refer to Chapter 13, Multi-Loop Synthesis.

Window Anatomy

The PID Synthesis window is shown in Figure 4-1. It consists of the
following, from top to bottom:

* A menu bar with entries Special, Edit, View, and Help.

* A text area that displays the transfer function of the current PID
controller.

* A control panel with five rows, each of which corresponds to one
design parameter. A Bode plot of the controller transfer function with
handles for graphically manipulating the design.

PID Controller Terms

The overall controller transfer function is given by the product of up to five
terms, each of which depends on one parameter. The five parameters and
corresponding terms in the controller are shown in Table 4-1, from top to
bottom.

Table 4-1. PID Controller Terms and Parameters

Term Parameter Symbol Controller
Proportional (P) Gain K, K,
Integral (I) Integral time constant Tins 1+ 1/(sT;)
Derivative (D) Derivative time constant Ty 1+ 5T
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Table 4-1. PID Controller Terms and Parameters (Continued)

Term Parameter Symbol Controller
HF rolloff 1 HF rolloff time 1 Thp1 1+ 1/(sTyp1)
HF rolloff 2 HF rolloff time 2 T2 1+ 1/(sTyy)

Toggling Controller Terms On and Off

For each parameter, the toggle button at the left of the row is used to toggle
the terms on and off. “On” means that the corresponding controller term

appears in the overall controller transfer function, and the slider and

variable edit box can be used to change the parameter. “Off”” means that the
controller term does not appear in the overall controller transfer function.
In this case, the slider and the variable-edit box are read-only—you cannot
drag the slider, and you cannot type in the variable-edit box. When the
button is turned on again, the parameter value is restored to its previous
value. You can use the buttons to do a quick A/B comparison of a PID
controller with or without a given term—for example, to see the effect of

a high frequency rolloff term or integral action.
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aka ICDM PID Synthesis
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Figure 4-1. PID Synthesis Window
As an example, suppose that the P and I toggle buttons are on, and the D
and HF rolloff buttons are off. The controller transfer function will then

have the following form:

C(s) = K, +(1/5T;,,)

© National Instruments Corporation 4-3 Xmath Interactive Control Design Module



Chapter 4 PID Synthesis

Notice that there are at least two other commonly used forms for a PID
control law that differ from the one used in ICDM:
Cls) =K, + (1 + 1/T 5+ Tyys)

nt

and
C(s) =K, + 1/T;,5+ Tyyys

ICDM enforces a proper controller transfer function, that is, a finite high
frequency gain. Therefore, if the D term is on, ICDM will require at least
one HF rolloff term also to be on.

Opening the PID Synthesis Window

When you select the PID window from the Synthesis menu in the ICDM
Main window, the PID window first decides whether the current controller
transfer function has the form of a PID controller. If it does, then the PID
window sets its parameters (including the push buttons) to the values that
would yield the current controller, and then opens. In this case the current
controller remains unchanged. If the current controller does not have the
form of a PID controller, then a dialog box appears and warns the user and
offers several alternatives.

Manipulating the Controller Parameters

Each parameter can be changed using the slider, variable-edit box, or
graphically. To change the sign of the parameter or to change the parameter
to a value outside the current slider or plot range, you must use the
variable-edit box. Notice that negative values are allowed, but often

are not what you want.

The parameters also can be changed graphically by grabbing and dragging
the controller Bode plot in the following ways:

*  To change the gain, with the gain parameter turned on, grab the
magnitude Bode plot anywhere except near the handles (dark circles)
on the plot. You now can drag the Bode plot up and down, which
changes the gain.

*  To change the other parameters, listed in column four of Table 4-1,
grab the appropriate handle (dark circle) on either plot and drag it left
and right to the desired frequency, which is the inverse of the time
parameter. The associated slider and variable-edit box also will be
updated as you drag the handle.
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Time Versus Frequency Parameters

Notice that the sliders and variable-edit boxes use time parameters,
whereas the Bode plot handles use frequencies, that is, the inverses of the
time parameters. If you think of integral action as being parameterized by
a characteristic time, then you may prefer to use the slider. If you think of
integral action as being parameterized by a characteristic frequency (reset
rate), then you may prefer to manipulate the Bode plot handle.

Ranges of Sliders and Plots

The ranges for the sliders and plots can be changed in several ways. If you
enter a value that lies outside the slider range in the corresponding variable
edit box, the range of the slider will automatically adjust to accommodate
the new value. You also can change the range of a slider using the Ranges
window, which appears when you select View»Ranges or press <Ctrl-R>
in the PID window. Selecting View»Auto Scale will cause ICDM to select
sensible values for the slider and plot ranges based on the current controller.
The ranges for the plots also can be changed interactively. Refer to the
General Plotting Features section of Chapter 2, Introduction to SISO
Design.

Controller Term Normalizations

Each of the controller terms is normalized in a way that is convenient for
most PID design tasks as described in the following sections.

Integral Term Normalization

The integral term is high-frequency normalized, which means that it is
approximately one for frequencies above 1/T;,,. Therefore, you can adjust
the integral time constant 1/7;,, without significantly affecting the
controller transfer function at high frequencies. For example, you can add
integral action to a controller without significantly affecting the stability
margins or closed-loop dynamics by adding the integral term with 1/T;,,
well below the crossover frequency, that is, 1/T;,, large. In this case, your
controller will enforce steady-state tracking, but over a time period longer
than the closed-loop system dynamics. You then can slowly decrease 1/7;,,
until you get a good balance between fast integral action and the
degradation of stability margins.
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Derivative Term Normalization

The derivative term is low-frequency normalized, which means that at low
frequencies (below 1/Ty) it is nearly one, and so has little effect on the
overall controller transfer function at low frequencies. In particular, the
loop transfer function at s = 0 is not affected by the derivative term at all,
so static tracking, static actuator effort, and so on are not affected by the
derivative term. You can start by making the 7, term small and then
gradually increasing it until you get a good balance between better stability
margins and excessive actuator effort.

Rolloff Term Normalization

The two HF rolloff terms are low-frequency normalized, so they have little
effect at frequencies below T}, You can start with small values for these
parameters, and then gradually increase them until you start to notice a
degradation in stability.
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This chapter describes the user interface, terminology, and parameters used
for root locus synthesis.

Overview

The Root Locus window performs two main functions:

» Displays selected gain and phase contours in the complex plane of the
loop transfer function.

*  Allows the user to manipulate the controller transfer function
graphically by dragging controller poles and zeros, or dragging
the closed-loop poles along the root locus plot.

The Root Locus window only works in SISO mode.

Window Anatomy

The Root Locus Synthesis window is shown with the standard (default)
contour in Figure 5-1. The branches of the locus connect the zeros and
poles of the loop transfer function, which are shown in the plot. The
closed-loop poles, which are on the locus, also are shown.
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Figure 5-1. Root Locus Synthesis Window

The Root Locus Synthesis window consists of, from top to bottom:
* A menu bar with entries Special, Edit, View, and Help.

e A lider and variable edit box for the gain. These controls are used
to show and also to change the controller gain. The gain also can be
changed graphically by dragging the closed-loop poles along the root
locus.

*  (Bottom left) The root locus plot. The plot shows selected phase or
gain contours of the loop transfer function along with the plant and
controller poles and zeros. A more detailed description appears
following.

e (Bottom right) Buttons to add/delete/edit poles and/or zeros. Poles,
zeros, and pole-zero pairs also can be created and destroyed using the
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Edit menu or by typing the accelerators in the Root Locus window.
A more detailed description appears following.

The Root Locus Synthesis window is shown in Figure 5-1 with the standard
(default) 180° contour. The branches of the locus connect the zeros and
poles of the loop transfer function, which are shown in the plot. The
closed-loop poles, which are on the locus, are also shown.

Opening the Root Locus Synthesis Window

Terminology

The Root Locus window can accept any type of controller, so it can always
be opened. It simply reads the current controller from ICDM. You then can
use the Root Locus window to manipulate the controller poles, zeros, and
gain.

After you have changed the controller using the Root Locus window, the
controller loses any special form it may have had—for example, LQG.

It is represented by its transfer function. Thus, you can use the Root Locus
window to change the zeros, poles, and gain of a controller originally
designed using the LQG window, but you then cannot read the controller
back into the LQG Synthesis window since it is no longer an LQG
controller.

The loop transfer function is expressed in the following product form:

(s—z1)... (s—2zp)

L) = R o G

where K is called the gain (notice that the gain is high-frequency
normalized), the z; values are the zeros of the loop transfer function
and the p; values are the poles of the loop transfer function.

Each of these poles and zeros is associated with either the plant or the
controller. The Root Locus window allows you to change the gain, change
or delete any controller pole or zero, or create new controller poles and
zeros as long as the controller transfer function remains proper—that is, has
finite gain at high frequencies. The Root Locus window will not allow you
to change or delete any plant pole or zero. The Alternate Plant window can
be used to modify the plant interactively and see the effect on the
closed-loop system performance.
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Plotting Styles

Selecting View»Locus Select or pressing <Ctrl-L> in the Root Locus
window produces a dialog box in which the user can choose one of many
possible plotting styles. In all cases, the (open-loop) controller and plant
poles and zeros are shown on the plot. On color displays:

*  Controller poles and zeros are black

*  Plant poles and zeros are red

This serves as a mnemonic: you can manipulate black but not red poles or
zeros. On monochrome displays, the plant poles and zeros are lighter than
the controller poles and zeros. You can always use data-viewing to obtain
more information about a pole or zero. Refer to the Data-Viewing Plots
section of Chapter 2, Introduction to SISO Design. Figure 5-2 shows a
dialog box for choosing plotting style with standard (default) contours
selected.

{LLI Root Locus Select Dialog

Phase contours

A DEf 180 deq - 160:200:10 deg

Magnitude contours

+ Off [~ 0 dB| ., 2:2 dB

Close | Help |

Figure 5-2. Root Locus Select Dialog for Choosing Plotting Style

Xmath Interactive Control Design Module 5-4 ni.com



Phase Contours

Chapter 5 Root Locus Synthesis

For each of magnitude and phase contours, you can choose one of three
possible plotting styles.

Magnitude Contours

180°

The plot shows the locus of points where the phase angle of the loop

transfer function is 180°. This yields a conventional root locus display.
This is the default phase contour plotting style. The plot shows the set
of all possible closed-loop pole locations as the gain is swept from

0 to oo.

160° 200° 10°

The plot shows the loci of points where the phase angle of the loop
transfer function is 160°, 170°, 180°, 190°, or 200°. These plots show
the set of all possible closed-loop pole locations as the gain is swept
from O to and there is an additional phase shift of +20°, +10° in the
loop transfer function.

None

No phase contours are plotted.

0dB

The plot shows the locus of points where the magnitude of the loop
transfer function (including the delay, if applicable) is O dB.

-2:2dB

The plot shows the loci of points where the magnitude of the loop
transfer function is -2, -1, 0, +1, and +2 dB, respectively.

None

No magnitude contours are plotted. This is the default magnitude
contour plotting style.

Notice that by selecting None for both phase and magnitude contours, the
plot shows only the controller and plant poles and zeros. This is useful for
graphically editing the controller poles and zeros.

If any phase contours are plotted, the closed-loop poles are shown (in blue
on a color display). They can be dragged along the 180° contour plot.

© National Instruments Corporation

5-5 Xmath Interactive Control Design Module



Chapter 5 Root Locus Synthesis

All of the plots support data viewing: click the right mouse button with the
cursor positioned near a pole, zero, or one of the plots. This allows you to
find the gain associated with a particular point on a phase contour, for
example.

Slider and Plot Ranges

To change the ranges of the Gain slider or the root locus plot, select
View»Ranges or press <Ctrl-R> in the Root Locus window.

The slider range also will be changed automatically if you type a new value
which is outside the current range in the corresponding variable edit box.
The plot also can be re-ranged interactively by grabbing and dragging the
plot axes. Refer to the discussion of plot re-ranging in section
s-plots-features.

Selecting View»Auto-scale or pressing <Ctrl-A> in the Root Locus
window will cause new ranges to be assigned to the slider and plot, based
on the current controller.

Manipulating the Parameters

The Graphically Manipulating Poles and Zeros section of Chapter 2,
Introduction to SISO Design, describes how to graphically manipulate the
controller poles and zeros.

The Root Locus window enforces a proper controller; that is, the controller
must have at least as many poles as zeros. If you attempt to add one zero or
a pair of zeros, that would result in more controller zeros than poles, a
warning is issued. Similarly, you cannot delete one or more controller
poles, if the deletion would result in an improper controller.

You can select Edit»Undo to restore the deleted pole(s) and/or zero(s),
provided you have not made any other changes since deleting. To abort a
delete operation, click the left mouse button with the skull and crossbones
cursor away from any pole or zero.
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Design

This section gives short descriptions of how the Root Locus window can be
used to design or analyze controllers. This section also provides some
interpretations and describes some uses of the nonstandard contour plots.

Adding a Pole-Zero Pair

Adding a pole-zero pair is a good way to add a little lead or lag action to an
existing controller. When you first add the pole-zero pair, you will not have
changed the controller transfer function. As you grab the zero and drag it
away from the pole, you will induce a smooth change in the controller
transfer function. By dragging the zero a little closer to the origin, you will
add a small amount of lead action to the controller—that is, increase the
controller phase for frequencies between the pole and zero, and increase the
magnitude at frequencies larger than the pole.

Similarly, by dragging the zero away from the origin, you will create some
lag action—that is, decrease the loop phase between the zero and pole, and
increase the gain below the pole frequency.

Deleting Pole-Zero Pairs

Deleting a controller pole-zero pair is a good way to do interactive
controller model reduction. Suppose that you have synthesized a suitable
controller and need to find a lower order controller that has nearly the same
performance. Using the Root Locus window, you want to move (stable)
controller poles or zeros near each other without sacrificing controller
performance. Good candidates are poles and zeros substantially outside the
control system bandwidth, or pairs of nearby poles and zeros. After you
have moved a controller pole or zero (or both) so that they are near each
other—and hopefully, control system performance has not changed too
much—then you can delete the pair without severely affecting the
controller transfer function. You have just reduced the controller order by
one (or two, if you deleted a complex conjugate pair of poles and zeros).
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Root Locus Synthesis

Interpreting the Nonstandard Contour Plots

The Root Locus window can display phase contours other than the standard
180° as well as various magnitude contour plots. The meaning of these
curves is simple: if L(s) = a, then s would be a closed-loop pole if the loop
transfer function were multiplied by —1/a at the frequency s. For example,
a point s labeled | L(s) | = -3 dB on one of the 170° curves would be a
closed-loop pole if the loop transfer function at the frequency were to
increase in magnitude by 3 dB and increase in phase by 10°.

This simple observation works two ways. Continuing the previous
example, to have a pole at s, try to change the current controller to achieve
the required phase shift +10° and gain increase (+3 dB) at (for example,
by adding an appropriate pole-zero pair).

On the other hand, if the complex number is a poor place for a closed-loop
pole (for example, very lightly damped or unstable), then the current
compensator is not robust, since only a 10° phase shift along with 3 dB
of gain change in loop gain (most likely, the plant) would result in a
closed-loop pole at s. In this case, you turn to the problem of synthesizing
new compensation which decreases the phase and magnitude of the loop
transfer function at the frequency s. This has the effect of making the
closed-loop system less likely to have a pole at s when the plant transfer
function is changed; that is, it results in a more robust design.

Figure 5-3 shows the Root Locus window with the phase contours turned
off and the 0 dB magnitude contour turned on. The locus shows the set
of all possible closed-loop poles for the modified loop transfer function
L(s) = e/8L(s) as 0 varies from zero to 27. By data-viewing the contour,
you can find the phase shift (value of 0) that corresponds to any point on
the locus.
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Figure 5-3. Root Locus Synthesis Window with the 0 dB Magnitude Contour
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Pole Place Synthesis

This chapter discusses the Pole Place Synthesis window, which is used to
design a SISO controller by assigning the closed-loop poles. Pole Place
operates in two modes:

*  Normal mode (integral action not enforced)

* Integral action mode

The Pole Place Synthesis window cannot be used to design MIMO
controllers.

Window Anatomy

The Pole Place window is shown in Figure 6-1. From top to bottom,
it consists of:

* A menu bar with entries Special, Edit, View, and Help.
* A toggle button used to set normal or integral action mode.

* A slider and variable-edit box used to time or frequency-scale the
closed-loop poles.

* A plot used to display and manipulate the closed-loop poles.

*  Buttons used to manipulate the closed-loop poles.
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Figure 6-1. Pole Place Synthesis Window

Pole Place Modes

In Pole Place, the user selects either closed-loop poles (in normal mode) or
2n + 1 closed-loop poles (in integral action mode). These poles uniquely
determine the controller transfer function.

This process can be described in terms of the coefficients of the plant and
controller numerators and denominators.

The plant transfer function is given by

P(s) = n(s)/d(s)

Xmath Interactive Control Design Module 6-2 ni.com



Chapter 6 Pole Place Synthesis

where
dy(s) =s"+a;s" ! + aps" + ..+ a,
n,(s) = bys" + bys"! + ... + ab,

Notice that the order of the plant is n, and allow the possibility that the plant
transfer function is not strictly proper; that is, the plant can have as many
zeros as poles.

Normal Mode

In normal mode, the order (number of poles) of the controller is fixed and
equal to n (the order of the plant), so there are a total of 2n closed-loop
poles. In this case, the 2n degrees of freedom in the closed-loop poles
exactly determine the controller transfer function, which also has 2n
degrees of freedom.

In normal mode, the controller transfer function has order n and is strictly
proper:

C(s) = n.(s)/d(s)
where
d(s) = s" + x;5" L + 28" 2 + L+ X,
n(s) =y + yos 2 + L+ 2y,

Therefore, the closed-loop characteristic polynomial has degree 2n:

1(8) = n()ny(s) +d (s)d,(s)
= (s=A)D -y ... (s-Xy,)
2n 2n-1
= (s +oys + ...+ 0,n)
where Ay, ..., A, are the closed-loop poles chosen by the user.
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We can write this polynomial equation as follows:
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These 2n linear equations are solved to find the 2n controller parameters
X1y ooy Xp AN Y1, ooy Yoo

Integral Action Mode

The degree (number of poles) of the controller is fixed and equal to n + 1,
so there are a total of 2n + 1 closed-loop poles. In this case, the 2n + 1
degrees of freedom in the closed-loop poles, along with the constraint that
the controller must have at least one pole at s = 0, exactly determine the
controller transfer function. In fact, the closed-loop poles give a complete
parameterization of all controllers with at least one pole at s =0, and n or

fewer other poles.

Equations similar to those shown in the Normal Mode section are used to
determine the controller parameters given the closed-loop pole locations.

Xmath Interactive Control Design Module
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State-Space Interpretation

In a state-space framework, it is common to classify the closed-loop poles
as n “control eigenvalues” and n “estimator eigenvalues.” But, in fact, it
makes no difference in the final controller transfer function how you
classify the closed-loop poles.

In other words, in a state-space framework, swapping a “control
eigenvalue” and an “estimator eigenvalue” will result in different feedback
and estimator gains, but the same final controller.

Opening the Pole Place Window

The Pole Place window can accept any controller with n poles, or n + 1
poles provided the controller has at least one pole at s = 0. The Integral
Action toggle button will be properly set. In particular, it accepts all LQG
and Heo controllers. This allows the user to manually tune the closed-loop
poles in a design that was, originally, LQG or Hee. In this case, you cannot
read the resulting controller back into the LQG or window since the
controller no longer has this special form.

Manipulating the Closed-Loop Poles

The closed-loop poles and zeros can be dragged and edited interactively.
Refer to the Graphically Manipulating Poles and Zeros section of
Chapter 2, Introduction to SISO Design, for a general discussion of
manipulating poles graphically.

Time and Frequency Scaling

The slider and variable-edit box show the average value of the closed-loop
pole magnitudes, and therefore can be interpreted as, roughly, the
bandwidth of the closed-loop system. The average frequency is given by:

Favg = | 7\,17\.2 }\.2,, | 1/2n

where A, ..., A,, are the closed-loop poles. Notice that the average is
geometric.

You can change F,,, by dragging the slider or typing into the variable edit
box. The effect is that the closed-loop poles are all multiplied by a scale
factor in such a way that becomes the requested value. Therefore, by
changing F,,,, you are time- or frequency-scaling the closed-loop
dynamics.

Vg
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A circle of radius F,,, also is displayed in the plot. You also can drag the

circle to change F,,,.

Butterworth Configuration

Click the Butterworth button to move the poles to a Butterworth
configuration, preserving F,,,. The initial pole configuration also is
set to Butterworth.

Editing the Closed-Loop Poles

You can change the closed-loop poles two ways: by editing or by grabbing
and dragging them. Both of these methods are described in the General
Plotting Features section of Chapter 2, Introduction to SISO Design.

Slider and Plot Ranges

To change the ranges of the Frequency Scaling slider or the plot of
closed-loop poles, select View»Ranges or press <Ctrl-R> in the Pole Place
window.

The slider range also will be changed automatically if you type a new value
which is outside the current range in the variable edit box. The plot also can
be re-ranged interactively by grabbing and dragging the plot axes; refer to
the General Plotting Features section of Chapter 2, Introduction to SISO
Design.

Selecting View»Auto-scale or pressing <Ctrl-A> in the Root Locus
window will cause new ranges to be assigned to the slider and plot,
based on the current controller.
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LQG Synthesis

This chapter discusses the LQG Synthesis window, which is used to
synthesize a linear quadratic Gaussian (LQG) controller for a SISO plant.
If you select LQG synthesis with a MIMO plant, you will get the MIMO
LQG Synthesis window described in Chapter 12, LOG/H-Infinity
Synthesis.

LQG Synthesis Window Anatomy

The LQG Synthesis window is shown in Figure 7-1. From top to bottom,
it contains:

* A menu bar with entries Special, Edit, View, and Help.

* A message area that describes the synthesis mode (type of controller);
for example, LQG with integral action.

* A control panel for changing the four design parameters:
—  Control cost parameter (p)
—  Sensor noise parameter (V)
— Integral action time constant (77,,)

— Decay rate or exponential time weighting parameter (a)

These parameters are described in greater detail later in this chapter.
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Figure 7-1. LQG Synthesis Window
e A control panel used to graphically edit the output weight transfer
function.
* A plotting area that contains the following plots:

—  The symmetric root locus plots of the control and estimator
closed-loop poles. The control cost and sensor noise parameters
can be changed by dragging the closed-loop poles along the plot.
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If the decay rate is enabled, it is shown as a vertical line that can
be dragged.

— A plot showing the poles and zeros of the output weight transfer
function. If weight zero editing is enabled, the zeros can be edited
graphically.

— A plot showing the magnitude of the output weight transfer
function.

Synthesis Modes

In addition to standard LQG synthesis, the LQG Synthesis window
supports any combination of three optional features:

* Integral action
*  Exponential time weighting (guaranteed decay rate)

*  Output weight editing

The synthesis mode is reported in the text at the top of the window. The
toggle Int Time (integral action time) button enables and disables integral
action. The Decay Rate toggle button controls exponential time weighting.
The Weight Zero Edit toggle button enables and disables output weight
editing.

Opening the LQG Synthesis Window

The LQG window can only accept LQG controllers. If the current
controller is of type LQG (perhaps, from the History window) and the LQG
window is opened, the current controller is read into the LQG window.
That is, the push buttons and parameters are set to the appropriate values.

If the current controller is not of type LQG, and the user attempts to open
the LQG Synthesis window, a dialog box appears and warns the user that
proceeding with opening the LQG Synthesis window will overwrite the
current controller with the LQG controller.

The LQG window remembers its parameter settings. When it is opened, the
parameters will be exactly as they were when the LQG window was last
closed, or it will be set to default values if the LQG window has not been
opened in this ICDM session.
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Setup and Terminology

The different modes are described using the following basic terminology:
y = Plu+w,.,.) u = (O + W) y =Wy
Figure 7-1 shows a block diagram with the basic setup for LQG synthesis,

where  u is the actuator signal (output of the controller)
Woroc 18 an (input referred) process noise
y is the (plant) output signal
y is the weighted output signal
Wiens 1S @ SENSOT NOise
P is the plant transfer function
C is the controller transfer function

W is the output weight transfer function

The noises w,,,,. and wy,,, are white; that is, they have constant power
spectral densities (PSDs). The parameter v is the ratio of the PSD of w,,,¢

to the PSD of w,,,,..
r=0 u y y
—» C(s) ——»@—>» P(s) W(s) ——>»
Wproc
Wsens

Figure 7-2. Block Diagram Showing the Basic Setup for LQG Synthesis

Standard LQG (All Toggle Buttons Off)

In LQG synthesis mode, the controller minimizes a weighted sum of the
steady-state actuator and output variance:

J = lim E(pu(t)’ +y(t)°)

where E denotes expectation, p is the Control cost parameter, and the
parameter v gives the ratio of the intensity of the sensor noise wy,,; to the
intensity of the process w),,,. noise (which are assumed to be white).
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Integral Action

When integral action is enabled, the controller minimizes a variation on the
LQG cost:

J = lim E(pu(t)” + y(¢)" +2(1)°)
= o

where

2(1) = (1/T,,) [ y(vyde

0

As in the standard mode, the sensor noise parameter Vv is the ratio of the
sensor noise intensity to the input-referred process noise intensity.

Penalizing the “running integral” of the plant output forces the power
spectral density of the plant output to vanish at zero frequency.

In classical control terms, this forces a pole at S = 0 in the loop transfer
function, that is, integral control. As with PID design, the parameter T;,,
gives the time scale over which the effects of the integral action will take

place.

Exponential Time Weighting

When this feature is enabled, the plant is first changed to P(s — a), where a
is the Decay Rate parameter. In other words, the plant is made less stable;
its poles (and zeros) are shifted to the right by the value a. Then, the LQG
controller for this “destabilized” plant is computed. Finally, the poles and
zeros of this controller are shifted left by the Decay Rate parameter a.

One effect of this shifting is that the closed-loop poles are guaranteed to
have real part less than the Decay Rate parameter a. In other words, the
closed-loop time domain responses are guaranteed to decay at least as fast
as exp(—at). This is why the parameter is called Decay Rate.
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Output Weight Editing

When Weight Zero Edit is enabled, the LQG controller is based on
y = Wy, which is a filtered version of the plant output signal y. Without
integral action, the controller minimizes the quantity:

J = lim E(pu(t)” + y(£)°)
t— o0
and with integral action, the quantity:
. 2 2 2
J = lim E(pu(t)” +y(2)" +z(2)")
t— oo

where

t

(1) = (1/T,.M)J' J(1)dt

0

The transfer function W is the output weighting transfer function. When
W = 1, this reduces to the standard LQG controller described previously.

The weighting transfer function is given by:
W(s) = n,(s)/n,(s)

Its denominator is fixed and equal to the numerator of the plant transfer
function. Its numerator can be manipulated by the user.

The lower left plot shows the poles and zeros of the weight transfer function
W. When Weight Zero Edit is enabled, the user can grab and drag the zeros
shown, or Add/Delete/Edit zeros using the push buttons.

The lower right plot shows the magnitude of the weight transfer function.
When it is flat and equal to 0 dB for all frequencies, you have W = 1, that
is, standard LQG design based on the plant output y. When, for example, W
is larger than O dB at low frequencies, this means that the LQG controller
is based on a filtered version of y that emphasizes low frequencies, which
presumably results in a controller with larger loop gain at low frequencies.
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State-Space Interpretation

In LQG theory, the closed-loop poles consist of n “optimal control
eigenvalues” and n “estimator (Kalman filter) eigenvalues.” For
multivariable systems, the optimal control and the optimal estimator
play different roles in the control system. But in the single-actuator,
single-sensor case, the roles are completely symmetric.

In particular, swapping the parameters p and v yields the same final LQG
controller. This symmetry is broken if you use either output weighting or
integral action, however.

Manipulating the Design Parameters

The design parameters p and v can be changed using the associated sliders
or the variable edit boxes. If you type in a value that is outside the current
slider range, the slider range will automatically adjust. You can change the
ranges for the sliders using the Ranges window.

The parameters T;,, and a can be manipulated using the sliders or variable
edit boxes provided the associated toggle button is on. If the toggle button
is off, then the slider and variable edit box are insensitive; you cannot drag
the slider handle, and you cannot type into the variable edit box.

When the toggle buttons are turned on again, the parameters are restored to
their previous (or default) values.

Manipulating the Design Parameters Graphically

The design parameters also can be manipulated graphically as follows:

*  The closed-loop poles are shown on the two symmetric root locus
plots. They can be dragged along the root locus plot, which results
in setting the parameters p or v appropriately.

*  When the Decay Rate toggle button is on, a dashed line appears in the
symmetric root locus plots, showing Rs = a. You can drag this line left
and right to set the Decay Rate parameter.

*  When Weight Zero Editing is enabled, the user can graphically
manipulate the zeros of the weight transfer function W on the plot
labeled Weight Poles & Zeros. Refer to the Graphically
Manipulating Poles and Zeros section of Chapter 2, Introduction to
SISO Design, for a general discussion of how to move, add, delete,
or edit these zeros graphically.
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Ranges

To change the ranges of the sliders or plots, select View»Ranges or enter
R in the LQG window.

The slider ranges also will be changed automatically if you type a new
value which is outside the current range into the corresponding variable edit
box. The plot also can be re-ranged interactively by grabbing and dragging
the plot axes; refer to the Interactive Plot Re-ranging section of Chapter 2,
Introduction to SISO Design.

Selecting View»Auto-scale or pressing <Ctrl-A> in the LQG window

causes new ranges to be assigned to the sliders and plots, based on the
current controller.
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H-Infinity Synthesis

This chapter describes the Heo Synthesis window used for SISO plants.
The Hee Synthesis window is used to synthesize a central controller. Such
controllers are sometimes called linear exponential quadratic Gaussian
(LEQG) or minimum entropy controllers. For a description of the MIMO
Synthesis window, refer to Chapter 12, LOG/H-Infinity Synthesis.

H-Infinity Synthesis Window Anatomy

The Heo Synthesis window is shown in Figure 8-1. From top to bottom,
it consists of:

© National Instruments Corporation

A menu bar with entries Special, Edit, View, and Help.

A control panel for changing the three design parameters:

—  Heo performance level ()

—  Control cost parameter (p)

—  Sensor noise parameter (V)

These parameters are described in greater detail later in this chapter.

A control panel used to edit the output weight transfer function
(described in the Output Weight Editing section).

A plotting area that contains four plots:

— A singular value plot of the normalized closed-loop transfer
matrix along with the parameter vy, which can be grabbed and
dragged to a new value. If a lower bound on the minimal value
of yis known, it also is displayed.

— A plot that shows the closed-loop poles.

— Aplot that shows the poles and zeros of the output weight transfer
function. When Weight Zero Edit is enabled, the user can grab
and drag the zeros to new locations.

— A plot that shows the magnitude of the output weight transfer
function.
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Figure 8-1. H-Infinity Synthesis Window
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Opening the Synthesis Window

The Hee window can only accept Hee controllers. If the current controller is
of type Heo (perhaps from the History window) and the Heo window is
opened, the current controller is read into the Hee window; that is, the
parameters are set to the appropriate values.

If the current controller is not of type Heo, and the user attempts to open
the Heo Synthesis window, a dialog box appears and warns the user that
proceeding with opening the synthesis window will overwrite the current
controller with the controller.

The Hee window remembers its parameter settings. When it is opened, the
parameters will be exactly as they were when the window was last closed,
or they will be set to default values if the Hee window has not been opened
in this ICDM session.

Setup and Synthesis Method

This section describes the closed-loop transfer matrix (refer to Figure 8-2).
The Heo synthesis procedure can be described using the following standard
setup:

y = Plu+w) u = (=C)(y+ Jvw,)
z, = A/|3u 7 =W,

where  yis the plant output signal
wq is a normalized (input-referred process) noise
w, is a normalized (sensor) noise
z; is the normalized actuator signal
2, is the weighted plant output signal
P is the plant transfer function
C is the controller transfer function

W is the output weight transfer function
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Figure 8-2. Block Diagram Showing the Basic Setup for H-Infinity Synthesis
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Figure 8-2 shows a block diagram with the basic setup for Heo synthesis
where closed-loop transfer matrix H relates the two exogenous inputs w;
and w, to the two outputs z; and z,.

The design is based on H, the closed-loop transfer matrix relating the noises
wy and w, to the signals z; and z,. H is given by the following equation:

1 | —JpPC -JpvC

L+PC by _ PCw

The entries of the closed-loop transfer matrix can be interpreted as the
(normalized) transfer functions from the process and sensor noises to
the actuator and output, respectively.

The singular values of H are shown in the top left plot of the Heo Synthesis
window.

Central H-Infinity Controller

The controller C is chosen to minimize the y-entropy of the closed-loop
transfer matrix H, given by:

=)

’YZ
1) =L I (10g

1 5+ log 1 2] do
1-(o,(w)/7y) 1 - (6,5(®)/7)

where 6| and G, are the singular values of H(j®).
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If either of these singular values is equal to or exceeds 7, the y-entropy is
defined to be +oo.

In other words, the y-entropy is finite only for |H| ., <y, and rapidly
increases to +oo as |[H||., becomes close to Yy, where the Heo-norm is
defined as:

|Hll.. = max o,(H(j®))

0< ® <o

Refer to Chapters 5 and 12 of Linear Controller Design, Boyd and Barratt,
Prentice-Hall 1991, for some interpretations of the y-entropy.

Therefore, the controller designed will always satisfy ||[H|_, <. For this
reason, Y is sometimes called the Heo performance level. For ¥, which is too
small, there may be no controller that can achieve the required performance
level.

For large v, the y-entropy of H is very nearly the same as the LQG cost with
the same parameters (p and v), so the Heo controller will be nearly the same
as the LQG controller with the same values of p and v.

Output Weight Editing

When Weight Zero Edit is enabled, the user can graphically edit the
output weight transfer function W. The weighting transfer function is
given by:

n,,(s)

n,(s)

W(s) =

Its denominator is fixed and equal to the numerator of the plant transfer
function; its numerator can be manipulated by the user.

The lower left plot shows the poles and zeros of the weight transfer
function W. When Weight Zero Edit is enabled, the user can grab and
drag the zeros shown, or Add/Delete/Edit zeros using the push buttons.

The lower right plot shows the magnitude of the weight transfer function.
When it is flat and equal to O dB for all frequencies, you have W = 1; that
is, standard (unweighted) design.
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Manipulating the Design Parameters

The parameters v, p, and v can be changed using the associated slider or
variable edit box. If the user types in a value that is outside the current slider
range, the slider range will automatically adjust. The user can change the
ranges for the sliders using the Ranges window. Refer to the Infeasible
Parameter Values section for what happens when the requested value of y
is infeasible.

The parameter v also can be changed graphically, by grabbing and
dragging the dashed horizontal line in the singular value plot.

Manipulating the Weight Transfer Function

When Weight Zero Editing is enabled, the user can graphically
manipulate the zeros of the weight transfer function W on the plot labeled
Weight Poles & Zeros. Refer to the Graphically Manipulating Poles and
Zeros section of Chapter 2, Introduction to SISO Design, for a general
discussion of how to move, add, delete, or edit these zeros graphically.

Infeasible Parameter Values

If the user requests an infeasible value for v, then it will be reset to an
approximation of the optimal (that is, smallest possible feasible) value, ¥,,,,,.
In this case, four (logarithmic) bisection iterations are used to determine 7,
a feasible value of 7y such that:

log(’Y rev) - 1Og(Yre )
1Og(Ynew) - log(Yopt) < L 16 1

where 7, is the value that y is reset to
Yopt 18 the optimal (smallest possible feasible) value of ¥
Yprev 18 the previous value of y
Yreq 18 the value of y requested by the user
After the Heo Synthesis window has determined a lower bound on v,,,,, it is

displayed in the singular value plot. It will disappear if the user changes the
control cost, sensor noise, or output weight parameters.
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Ranges

To change the ranges of the sliders or plots, select View»Ranges or press
<Ctrl-R> in the Hee window.

The slider ranges also will be changed automatically if you type a new
value which is outside the current range in the corresponding variable edit
box. The plot also can be re-ranged interactively by grabbing and dragging
the plot axes; refer to the Interactive Plot Re-ranging section of Chapter 2,
Introduction to SISO Design.

Selecting View»Auto-scale or pressing <Ctrl-A> in the Hee window will

cause new ranges to be assigned to the sliders and plots, based on the
current controller.
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History Window

This chapter describes the History window used for SISO plants. The
History window is used to display and manipulate the design history list,
which is a list of controllers that have been explicitly saved during the
design process. For a description of the History window used for MIMO
design, refer to Chapter 11, Introduction to MIMO Design.

Saving the Current Controller on the History List

You can save the current controller on the History list at any time, by
selecting the Add to History button in the Edit Menu of the ICDM Main
window, or pressing <Ctrl-A> in the ICDM Main Window. You will be
prompted for a comment that is saved along with the design.

Opening the History Window

To make the History window appear, select Synthesis»History Window
in the ICDM Main window. This will close any open synthesis window,
automatically save the current controller on the history list if it has not
already been saved, and make the current controller the active or selected
design on the history list.

History Window Anatomy

The History window is shown in Figure 9-1.

From top to bottom, it consists of:
* A menu bar with Special, Edit, and Help menus.

*  Ascrolled list that shows the designs saved on the history list. Columns
show the history number, the date and time the controller was saved,
the type of controller, and a comment that was saved with the
controller. If the comments run off the visible part of the list,
you can scroll left and right, or resize the History window wider.
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Chapter 9 History Window

Buttons for manipulating the history list.

Selecting the Active Controller

A Variable-Edit box which shows which history list entry is active or

currently selected. The selected entry is the controller exported to
ICDM for plotting.

You can type a number in the Variable-Edit box that shows the selected
controller, or you can select a controller in the list (which will become
highlighted) and then click Select at the bottom of the History window.

Notice that you can consider the History window as a type of synthesis

window, with one simple design parameter: the integer that gives the
selected design.

rﬂ ICDM Controller History
Special Edit Help
num date time | type comment
1 1/5 14:51 | Hinf first desigm
B g laas || L lenRemeds jonlles
E] 145 14:54 | PP buttervorth 2 I

Current Design ﬂ

Select I Edit I -3 Sjmthesisl
Delete I Cycle I Tndo I

Figure 9-1. History Window

Editing the Comments

To change the comment stored with a design, select an entry from the list
and click Edit.
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Deleting History List Entries

Any number of designs on the history list can be deleted by selecting them
and then clicking Delete. To renumber the remaining designs, you can
select Edit»>Renumber.

Refer to Appendix A, Using an Xmath GUI Tool, for a discussion of how
to select multiple, non-contiguous entries in a list.

To Continue Designing from a Saved Controller

First, select the desired design to make it the ICDM current controller.
Then, select an appropriate synthesis window from the Synthesis menu in
the ICDM Main Window. If the synthesis window you select is compatible
with the controller, it will appear, initialized with the current controller, and
the History window will disappear. You now can continue designing.
Alternatively, you can select a design on the history list and then click the
— Synthesis button at the bottom of the History window. This does two
things: first, it makes that entry active—that is, the current controller—and
second, it opens the appropriate synthesis window, which closes the
History window.

Cycling Through Designs

The Cycle button is used to quickly compare some of the designs on the
history list. First, select several designs from the list and then click the
Cycle button. Refer to Appendix A, Using an Xmath GUI Tool, for a
discussion of how to select multiple, non-contiguous entries in a list.
Clicking Cycle causes the current controller to cycle among the selected
entries. Therefore, the Cycle button is used both to select a subset of
designs for cycling and to cycle the current controller among the selected
designs.

Writing a Saved Design to Xmath

To write a design that has been saved on the history list to Xmath, select it
so it becomes the current controller for [CDM, and then save to Xmath by
selecting File»Write Controller in the ICDM Main window.
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Using the History List

The history list can be used in several ways. You can save controllers
as “benchmarks” whose performance you want to match with a simpler
controller. You also can save any promising designs that you find so
you can later use them as the initial conditions for designing.
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Alternate Plant Window

This chapter describes the form of the Alternate Plant window used for
SISO design; refer to Chapter 11, Introduction to MIMO Design, for the
form used for MIMO design.

Role and Use of Plant and Alternate Plant

In addition to the plant P, ICDM can optionally maintain an alternate plant
P ;. These two transfer functions have different uses and purposes:

*  The plant is always used for the synthesis windows (that need it). For
example, when synthesizing an LQG controller, the LQG synthesis is
based on the plant P. In other words, the plant is used for design. In
contrast, the alternate plant P, is never used by any synthesis method.

*  The alternate plant P, is used only for analysis. Specifically, by
turning on the Alternate Plant display (refer to the Displaying the
Alternate Plant Responses section) the plots in the ICDM Main
Window will show the alternate plant connected with the current
controller and the plant connected with the current controller.

» Itisnot possible to change the plant in ICDM except by reading it from
Xmath. In contrast, the alternate plant can be manipulated using the
Alternate Plant window.

You can think of the plant P as the plant model used for control system
design, and the alternate plant P, as the plant model used for control
system validation.

Displaying the Alternate Plant Responses

The ICDM Main window plots always show the response of the controller
connected with the plant. By turning on the Alternate Plant display, the
responses of the controller with the alternate plant also are shown in these
plots.

You always can use data-viewing to determine which plot corresponds to
the plant and which corresponds to the alternate plant.
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Alternate Plant Window Anatomy

The

Alternate Plant window is shown in Figure 10-1. From top to bottom,

it consists of:

A menu bar with Special, Edit, and View menus.

A toggle button for controlling whether the plots in ICDM main will
include the response with the alternate plant.

A toggle button that is used to display the plant poles and zeros in the
plot (refer to Figure 10-1).

Two toggle buttons that select DC or high frequency normalization
(refer to Figure 10-1).

A slider and variable edit box for the gain of the alternate plant. These
controls are used to show and also to change the gain of the alternate
plant.

(Bottom left) A plot for displaying and manipulating the poles and
zeros of the alternate plant. Optionally, the poles and zeros of plant
can be shown.

(Bottom right) Buttons to Add/Delete/Edit poles and/or zeros of the
alternate plant.
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T~ ICDM Alt Plant
Special Edit WView Help |
I© Display Alternate Plant in ICDM Main Window
I© Show Plant Zeros and Poles
+ DG Normalization - HF Normalization ‘
) 0.1 10
Gain o
| JE —I
g Add zero
T T T T T
41 Add pole
b
2 r >< [u]
i Add pair
m
a
g
o % o Edit
o ¥
—4r Delete
-5 1 1 . . i
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Tndo
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1

Figure 10-1. Alternate Plant Window

Opening the Alternate Plant Window

© National Instruments Corporation 10-3

When the Alternate Plant window is first opened, the alternate plant is
initialized to the plant transfer function. This is convenient because in most
cases the alternate plant is some sort of variation on the plant. Using the
Special menu, you can read the plant from ICDM or any transfer function

from Xmath into the alternate plant.
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Normalization

The form of the transfer function of the alternate plant depends on the
normalization selected. With high-frequency normalization, the alternate
plant transfer function is:

(s—z))...(s-z,)
(s=py)...(s=p,)

P, (s) =K

where K is the gain (shown in the slider and Variable Edit box), z, ..., z,,
are the zeros, and p, ..., p, are the poles shown in the plot. The alternate
plant is required to be proper, that is, have at least as many poles as zeros

(n=2m).

For high-frequency normalization there is no restriction on the poles or
Zeros.

With DC normalization, the alternate plant transfer function is:

(1-s5/z))...(1 -=s/z2,)

P, (Gs) =K
I (1-s/p))...(1=s/p,)
where K is the gain (shown in the slider and Variable Edit box), z, ..., z,,
are the zeros, and p, ..., p, are the poles. For DC normalization the poles

and zeros are restricted to be nonzero. If you want the alternate plant to have
either poles or zeros at s = 0, you must use high frequency normalization.
Notice that with DC normalization the gain is exactly the DC gain of the
alternate plant, that is, K = P ,;,(0).

Manipulating the Parameters

The gain K can be changed using the slider or the Variable Edit box. The
poles and zeros of P,; can be manipulated graphically, using the buttons to
the right of the plot. Refer to the Graphically Manipulating Poles and
Zeros section of Chapter 2, Introduction to SISO Design, for a general
discussion of how to graphically edit poles and zeros.

You cannot add a zero if the addition would result in an improper alternate
plant transfer function. Similarly, you cannot delete a pole if the deletion
would result in an improper alternate plant transfer function. With DC
normalization, you cannot create any poles or zeros at s = 0, and you cannot
move existing poles or zeros to s = 0.
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You can switch between high frequency and DC normalization by clicking
the appropriate buttons. If the alternate plant has a pole or zero at s = 0, then
you cannot switch to DC normalization.

Using the Alternate Plant Window

The Alternate Plant window is used to analyze the robustness of a given
controller to changes or unmodeled dynamics in the plant.

Robustness to Plant Variations

The simplest test is to start with the plant (which is the default value of the
alternate plant), and then vary the gain and the poles and zeros of the
alternate plant. A robust system will not show excessive differences
between the responses with the plant and the alternate plant. With this
method, you can easily see the effects of plant gain, pole, and zero
variations.

With DC normalization, varying the poles and zeros affects at high
frequencies but does not change the DC gain. This is appropriate when
the plant variations and modeling errors are more pronounced at high
frequencies.

Adding Unmodeled Dynamics

Starting with P, = P and then adding a pole-zero pair is a good way to see
the effects of a little “unmodeled plant dynamics” on the system. Notice
that when you add a pole-zero pair, you have not yet changed the alternate
plant transfer function. The change occurs smoothly as you drag the zero
away from the pole.

* To add a little excess phase and rolloff in the loop, create a real
pole-zero pair and separate them a bit, with the pole to the right of the
zero. This simulates the effect of unmodeled “diffusion dynamics” in
the system.

*  To add a little lightly damped dynamics, create a lightly damped
pole-zero pair (that is, with small negative real part) and then drag the
pole and zero away from each other. This will create a resonance
typical of a neglected mode in a mechanical system.

*  To simulate the effect of an unmodeled time delay in the loop, create a
real pole-zero pair at s = —2/T,,; and then drag the zero to s = —2/T ;.
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Ranges of Sliders and Plot

To change the ranges of the Gain slider or the pole zero plot, select
View»Ranges or press <Ctrl-R> in the Alternate Plant window.

The slider range also will be changed automatically if you type a new value
which is outside the current range into the variable edit box. The plot can
also be re-ranged interactively by grabbing and dragging the plot axes; refer
to the Interactive Plot Re-ranging section of Chapter 2, Introduction to
SISO Design.

Selecting View»Auto-scale or pressing <Ctrl-A> in the Alternate Plant

window will cause new ranges to be assigned to the slider and plot, based
on the current alternate plant.
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Introduction to MIMO Design

The following chapters describe the use of ICDM for MIMO design. NI
assumes the reader is familiar with the use of ICDM for SISO design. In
many cases, the texts describe the differences between SISO and MIMO
design.

This chapter provides an introduction to MIMO design. ICDM
automatically switches between SISO and MIMO modes depending on the
plant that is read in. To try out the MIMO features described here and in the
next two chapters, you must first either read in a MIMO plant, or select the
MIMO plant from the Default Plants submenu in the Read Plant menu.

Basic Terminology for MIMO Systems

The following sections define the basic terminology and notation used to
refer to MIMO systems in ICDM, for analysis and plotting. The LQG/Hee
Synthesis window uses additional terminology described in Chapter 12,
LQG/H-Infinity Synthesis.

Feedback System Configuration

ICDM uses the feedback configuration shown in Figure 11-1. The
configuration and signal names agree with the standard SISO configuration
shown in Figure 2-1, with two differences. Here, all signal paths represent
vector signals, whereas in the SISO setup, the signals are scalar. There is
also a new signal, d,,, that subtracts from the actuator signal. This signal
can be thought of as an actuator-referred disturbance signal, an actuator
noise, or just a fictitious input that allows you to see the transfer functions
from the actuator to various other signals.

The equations describing this system are:
y=Pu-d,.,) u = Ce e=r-y
where, as shown in Figure 11-1:

y denotes the plant output or sensor signal, which is a vector of size n,
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u denotes the plant input or actuator signal, which is a vector of size n,

r denotes the reference or command input signal, which is a vector of
size n,

y
e denotes the error signal, which is a vector of size n,

d,., denotes the actuator disturbance signal, which is a vector of size n,
P denotes the plant transfer function, which is a matrix of size n, X n,

C denotes the controller transfer function, which is a matrix of size n, X n,

Figure 11-1 shows standard feedback connections and signals used in
ICDM for MIMO design. All of the signals are vectors.

Figure 11-1. Standard Feedback Connections and Signals for MIMO Design

Transfer Functions

In ICDM, the plant and controller transfer function are required to be
strictly proper, that is,
)'B

P(S) = C(S]_A)_IB C(S) = Ccontr(SI_Acontr contr

where A, B, and C are matrices stored in the system object corresponding
to the plant, and similarly for the controller. The plant order or plant
(McMillan) degree is the size of A; that is, the number of plant states.
Similarly, the size of A, is the controller order or controller degree.

In ICDM, the multivariable transfer function is required to be strictly
proper; that is, have zero feedthrough term D = 0. The controller is required
to be proper.
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The standard feedback system has two vector input signals, » and d,,.,, and
three vector output signals, e, u, and y. It can therefore be described by the
3 x 2 block matrix that relates the three output vector signals to the two
input vector signals:

e (I+PC)y”" PU+cCP)’
r
ul = | cu+pPCy" CPU+CP)||, }

act
Y lpcu+proy! P+ cp)”!

The entries of this block matrix, that is, the transfer functions from r and
d,. to e, u, and y, have standard names and interpretations (which agree
with the standard SISO notation):

*  The sensitivity transfer function is denoted S and given by
S = (I + PCY!. The sensitivity transfer function is the transfer function
from reference input r to the error signal e.

*  The closed-loop transfer function T'is given by T= PC(I + PC)!. Tis
the transfer function from r to y. T can be expressed in several other
ways, for example:

T =PCUI+CP)' = (U+PC)Y'PC=1-§

e The actuator effort transfer function C(I + PC)™! is the transfer
function from r to u, and so is related to the actuator effort required.
For example, its step response matrix shows the closed-loop step
responses from each reference input signal to each actuator signal.

e The transfer function from d,, to e, P(I + CP)"!, is denoted S, and
called the actuator-referred sensitivity transfer function. The
actuator-referred sensitivity transfer function determines the errors
generated by actuator-referred disturbances. It also can be expressed as
(I + PC)~'P. Notice that it is “complementary” to the transfer function
described just above, that is, C(I + PC)™!, in the sense that the two
transfer functions can be obtained from each other by swapping P
and C.

e The transfer function from d,, to u, CP(I + CP), is called the
actuator-referred actuator effort transfer function. Notice that it is
related to the closed-loop transfer function by swapping P and C. It can
also be expressed as C(I + PC)™1 P.

e The transfer function from d,, to y, (~P)( +CP)!, is denoted T, and
called the actuator-referred closed-loop transfer function.
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Notice that in the SISO case, these “complementary pairs” of transfer
functions (obtained by swapping P and C) are the same. It is important to
remember that in the MIMO case they can be different; they even have
different dimensions if n, # n,,.

In addition to these transfer functions you encounter two (complementary)
open-loop transfer functions:

e The loop transfer function L is defined as L = PC. This is the transfer
function of the loop cut at the sensor (or the error e).

e The actuator loop transfer function (or complementary loop transfer
function) L, is defined as L., = CP. This is the transfer function of the
loop cut at the actuator.

Integral Action

Integral action can be quite complicated in the MIMO setting. The simplest
case occurs when the plant is “square”, that is, n,=n,, the plant has no
poles at s = 0, and no zeros at s = 0—which in this case means debt

P(0) # 0.

Suppose the controller has the form
C(s) = (1/5)Ry+ C(s)

where C has no poles at s = 0 and the (constant) matrix is nonsingular
(for example, R, = ). Then you have 7(0) = 1, so that you have perfect
asymptotic decoupling and tracking of constant reference inputs. You also
have perfect asymptotic rejection of constant actuator disturbances. The
condition on C means the controller has an integrator in each of its
channels. In this case the integrators can be thought of as either acting on
the sensor signals or acting on the actuator signals.

You often have integrators associated with some of the sensors, or some of
the actuators. Then the matrix can be less than full rank, and you generally
get the benefits of integral action in only some of the I/O channels; that is,
only some of the entries of T(0) are 1 (or 0).

When n, # n, things get more complicated. The rank of R, is at most

r = max{nyn,}. If you ask ICDM to insert more than r integrators (say,
using an integrator in each sensor channel for a plant with three actuators
and five sensors), you will have a closed-loop system that cannot be
stabilized—it will have an uncontrollable or unobservable mode at s = 0.
If this happens, ICDM will warn you. Even if you do not have excess
integrators, you should realize that you will get perfect asymptotic tracking
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or disturbance rejection only on a subspace of dimension r, so do not be
surprised if some (or many) diagonal entries of T are not one, or off
diagonal entries are not zero. Finally, unlike a SISO plant, a MIMO plant
can have both poles and zeros at s = 0, and such situations will constraint
what types of integral action are possible. In all cases, however, ICDM will
warn you if the integral action you have selected results in an unstable
closed-loop system.

Overview of ICDM for MIMO Design

The following sections provide an overview of ICDM for MIMO Design.

ICDM MIMO Windows
The most important windows for MIMO design are:
* ICDM Main window
e LQG/Heo window
*  Multi-Loop Synthesis window

*  History window
¢ (MIMO) Alternate Plant window
¢ MIMO Plot window

Some of windows used for SISO design are not available in MIMO design
mode; for example, PID, Root Locus, and Pole Place Synthesis. Some
others are very similar or even the same; for example, the Main window and
the History window. Others have different forms that depend on the mode;
for example, LQG Synthesis, Alternate Plant, and History. Some windows
only work in MIMO mode, for example, Multiloop Synthesis and

MIMO plot.

Windows that are not available or applicable in the current mode are
dimmed in the menus and cannot be selected.

Main Window

The ICDM Main window is almost the same as in SISO mode. The greatest
difference is that a different set of plots is available in MIMO mode, and
the default plot selections are different. When the user selects Plot Options
from the ICDM Main window menu bar, the window shown in Figure 11-2
appears. It shows the Plot Choices window for the MIMO case. This
window contains a subset of the complete set of plot options which are
the ones most likely to be used. To get access to the complete set of plot
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options, the user clicks the Show all options button after which the plot
options window shown in Figure 11-3 opens. From this window, all
transfer functions mentioned in the Transfer Functions section can be
selected.

= MIMO Plot Options Dialog

Frequency response singular value plots

I L=PC J  S=inviI+PC})
4 P I T=PC inv(I+PC)
d ¢

Miscellaneons plots

L

Closed loop poles & Step response

L

Actuator effort

Show all options ...

114 I }tpplyl Cancel Il Help I

Figure 11-2. Plot Choices Window for the MIMO Case

MIMO Plot Window

For a more detailed MIMO transfer function plot, an option labeled MIMO
plot is available under the Main window menu bar. This plot will display
MIMO responses in a matrix format, where each element of the transfer
function is displayed individually in one element of the plot matrix
(Figure 11-4). Figure 11-4 shows the MIMO Plot window with a step
response plot of the transfer function, arranged as a matrix.

The MIMO Plot window offers a choice between either:
e Step response

e Frequency response magnitude

*  Frequency response phase

The type of transfer function displayed can be selected by clicking one of
the buttons at the bottom of the window. When an alternate plant is selected,

the MIMO plot will contain two responses in each element of the plot
matrix—one for the plant, and one for the alternate plant.
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Notice that having the MIMO Plot window on the screen may increase the
required computational response time of ICDM. Closing the window using
the Special option of the MIMO Plot menu bar will then result in a

speed-up.
1k MIMO Plot Options Dialog 2
Frequency response singular wvalue plots
1 Compensator [H
-1 Plant P
I Loop gain L=PC
I Sensitivity Her=S=inv{I+PC})
I Actuator effort Hur=C inv{I+PC)
I© Closed loop tramsfer fimction Hyr=T=PC invi{I+PC)
A Actuator-referred loop gain Lact=CP
- Actunator-referred sensitivity Hed=Sact=inv{I+CP)
- Actunator-referred act effort Hud=P inw{I+CP)
- Actuator-referred clp tfn Hyd=-Tact=CP inv{I+CP)
Miscellaneous plots
4 Closed loop poles I© Step response
- Actuator effort
0K I Apply I Cancel I Help
l

Figure 11-3. Complete Set of Plot Choices

History Window

The History window is exactly the same in SISO and MIMO modes.

Alternate Plant Window (MIMO Version)

The MIMO version of the alternate plant window differs from the SISO
version. For a MIMO plant there are many parameters that the user might
want to vary in a robustness analysis, for example, the gain in each actuator,
the gain in each sensor, various poles, zeros, and their residues for each
entry of P, and so on. There are so many parameters that the user might
want vary in MIMO robustness analysis that no simple user-interface could
suffice. Instead, the user manipulates the plant in Xmath in the ways
appropriate for the problem at hand, and simply reads in the set of alternate
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plants. Therefore, the (MIMO) Alternate Plant window looks very much
like the History window—the user can read various alternate plants into a
list, and select one as the alternate plant. The semantics of the Alternate
Plant window are identical in SISO and MIMO versions.

= 1CDM Matrix Plot
Special  Plot choices  View Help
Step Response
Pressure reference Steam flow reference Temperature reference
08 0
08 02
Pressure 04 04
02 -08
9 T 04 T
08 s
0s 04
04
03
Steam flow 03
e 02
0.1 01
9 . R T R O
0 06 1
02 04 us
08
Temperature 04 nz
04
08 0 .
04 T 03 T g T
f(Hz) f(Hz) f{Hz)
T=PCinv(l + PC) (Closed loop transfer function)
P (Plant) | L =PC | Her = 5 = inv(Isee) | Hyr = T = Pe inv(IsPC) | Hur = € inv(Ie) |
C (Compensator) | Lact - CP | Hed = P inv(I+CP) | Hyd = -P inv(z+cP) |  Hod = CP inv(I:cE) |
1

Figure 11-4. MIMO Plot Window with a Step Response Plot of the Transfer Function
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LQG/H-Infinity Synthesis

This chapter describes the MIMO LQG/Hee Synthesis window. The
LQG/Hee window is used to synthesize both LQG and Hee controllers.
The two design methods have been combined in a single window because
of the similarity regarding the use of weights: constant weights,
frequency-dependent weights, and integrators.

Window Anatomy

The MIMO LQG/HeeSynthesis window consists of a main window and
four auxiliary windows for editing constant weights, frequency-dependent
weight functions, decay rate, and performance level.

LQG/H-Infinity Main Window

The LQG/Hee Main window is shown in Figure 12-1. From top to bottom,
it consists of:

* A menu bar with entries Special, Edit, View, and Help.

* A message area that describes the synthesis mode (type of controller),
for example, LQG with integral action.

* A control panel for changing the five design parameters:
—  Control cost parameter (p)
—  Sensor noise parameter (V)
— Integral action time constant (77,,)
—  Decay rate or exponential time weighting parameter (a)

—  Heo performance level (y)
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ril ICDM MIMO LQGAHIinf Synthesis
Special Edit View Help
Type : LOG

Control cost

Sensor nolse

d Int tine

-l Decay rate

4 Hinf bound

d Weight edit
RECHRPTE |

Figure 12-1. LQG/H-Infinity Main Window

e A pull-down menu for frequency-dependent weight selection on
inputs:

/4

b= I,...,n

and outputs:

Wy’j,j =1,...,n

e A button for recomputing the controller.
These parameters are described in greater detail later in this chapter.

LQG/H-Infinity Weights Window

The Weights window is for defining control cost and noise level parameters
and is shown in Figure 12-2.

From top to bottom, the Weights window consists of:

* A menu bar with entries Special, Edit, View, and Help.

e Arow with two radio buttons which toggle the contents of the window
between control cost and noise level parameters. The following
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descriptions are for the control cost parameter display. The noise level
display is similar in appearance.

* A table with n, rows, having in each row:
— A toggle button to include the input in the set of control inputs

— Atoggle button to include the input in the set of costed inputs,
labeled with the signal name

— Asslider defining the constant weight factor of the input:

Puii= I, ....n,

— A variable edit box for the same constant weight factor

= ICDM LQG Weights
Special Edit View Help
‘ # Control cost .- Noise level
0.01 100
I©  Actuators onfoff |7 Vater flow 20
| —— £l
0.01 100
I©  Actuators onfoff |7 Fuel flow 10
— [17
0.01 100
Log-fv 14.14
I J .14
1 100
r Sensors on/off r Pressure oL
| g =
1 100
I©  Sensors on/off r Steam flow 20
- £l
1 100
r Sensors on/off r Temperature 30
| R —I
1 100
Log-fv 24.66
! L | 2464
Weight matrices from: <None > |
|

Figure 12-2. LQG/H-Infinity Weights Window

*  Aslider representing the logarithmic average of the input weights (p,),
that is,

1
logpu - nuzlogpu,i
=4
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* A table with n, rows with, in each row:

— A toggle button to include the output in the set of measured
outputs

—  Atoggle button to include the output in the set of costed outputs,
labeled with the signal name

— A sslider defining the constant weight factor of the output:

py’j,i: 1, s

A variable edit box for the same constant weight factor

e Asslider representing the logarithmic average of the weights for each
output (p,), that is,

1
logp, = ~—~ Z logp,, ;
y
A

* A button for entering an Xmath variable name of type matrix of the
form

Rxx RXM
RM)C RMM

R =

containing the weights on states and inputs, including cross terms.

The control weight parameter p in the main LQG/Heo window is related to
the weights in this window by p = p,/p,.

If the radio buttons in the first row are set to select the noise level display,
the contents of the window looks almost exactly the same. The leftmost
column of toggle buttons has the same meaning, but the second column of
toggle buttons is used to enable/disable the noise on selected inputs and
outputs.

The sliders represent the noise intensities instead of the control cost. The
button is meant to load the noise variance matrix of states and outputs,
including cross terms:

Qxx Qxy
ny ny

Q:
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The weights p,, ;, py, j» Pu» and p,, are then replaced with noise variances
Vu,i» Vy, j» Vu» and vy. The noise level parameter in the main LQG/Heo
window is related to the noise levels in this window by v =v,/v,,.

Decay Rate Window

The Decay Rate window is shown in Figure 12-3. From top to bottom, it
consists of:

* A menu bar with entries Special, Edit, View, and Help.
* A plotting area that contains two plots:

— A plot of controller poles, and a vertical line indicating the

decay rate.
— A plot of estimator poles, and a vertical line indicating the
decay rate.
= ICDM LQG Poles
Special Edit View Help
Controller poles Estimator poles
10 : : — 10 : : .
|
|
|
St | 4 5t
|
|
P | P
0 i »@ 0
X : ® X
|
-5} | 4 -51
|
|
|
-10 s s — -10 s s -
-20 15 10 -5 0 -20 15 10 -5
1

Figure 12-3. LQG/H-Infinity Decay Rate Window

H-Infinity Performance Window

The Heo Performance window, shown in Figure 12-4, consists of, from top
to bottom:

* A menu bar with entries Special, Edit, View, and Help.

* A plotarea that contains a plot of the closed-loop transfer matrix along
with the parameter vy, which can be grabbed and dragged to a new
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value. If a lower bound on the minimal value of yis known, it also is

displayed.
rll ICDM LQG/Hinf Gamma—entropy level
Special Edit View Help
Singular Yalues
155 T T TTTITIT T T TTTITT T T T TITHT T T TTITIT
15
d
B
145 | 4
14 T T R A ST TR R T
0.m 1N 1 10 100

freq (Hz)

Figure 12-4. LQG/H-Infinity Performance Level Window

Frequency Weights Window

The Frequency Weights window is shown in Figure 12-5. From top to
bottom, it consists of:

* A menu bar with entries Special, Edit, View, and Help.
¢ A plot area with two plots:

— A plot that shows the poles and zeros of the selected input or
output weight transfer function. The user can grab and drag the
poles and zeros to new locations.

— A plot with the frequency response magnitude of the weight
function.
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LQG/H-Infinity Synthesis

rLI ICDM LQG Frequency weights
Special Edit View Help
Weight poles & zeros Weight transfer function
1.5 T T T T 20 L o L e OMLELERE S 221l s o e
11 e
1ot 4
05t
(=]
o L
1] B 1]
(=]
-05 ¢
10k
-1t e
-15 n n n " -0 T R T R R AR TR S TN
2.3 -2 -1.3 -1 -0.3 0.m 0.1 1 10 100
freq (Hz)
Add pole | Add zero | | Edit
e [ 1
1

Synthesis Modes and Window Usage

Figure 12-5. LQG/H-Infinity Frequency Weights Window

© National Instruments Corporation

In addition to the standard LQG/He~ synthesis, any combination of three
additional features is supported:

* Integral action

*  Exponential time weighting (guaranteed decay rate). This feature is

only enabled in the case of LQG design.

*  Input and output weight editing

In the Main window, the synthesis mode is reported in the text in the titlebar
at the top. The Int Time (integral action time) toggle button enables

and disables integral action. The Decay Rate toggle button controls
exponential time weighting. The Weight Edit toggle button enables and
disables output weight editing. The Hinf Bound toggle button enables and

disables design mode.

12-7
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Opening the LQG/H-Infinity Synthesis Window

The LQG/He window can only accept LQG/Heo controllers. If the current
controller is of type LQG/Heo (perhaps, from the History window) and
the LQG/He~ window is opened, the current controller is read into the
LQG/He~ window; that is, the push buttons and parameters are set to the
appropriate values.

If the current controller is not of type LQG/Heo, and the user attempts

to open the Synthesis window, a dialog box opens and warns the user that
proceeding with opening the Synthesis window will overwrite the current
controller (with the LQG/Hee controller).

The LQG/Hee window remembers its parameter settings, that is, when it is
opened, the parameters will be exactly as they were when the LQG/Heo
window was last closed (or set to default values if the LQG/Heo window has
not been opened in this ICDM session).

Setup and Terminology
The input and output signals are distinguished in the following categories:
e Disturbances (®)
e Actuators (u,,,)
e Measurements (y)

e Costed outputs (z)

Whether an input signal is a disturbance or an actuator and whether an
output is a measurement or a costed output, is determined by the toggle
buttons in the weights window.

The objective of the control design is to minimize the expectation of the
power of (LQG), or the maximal singular value of the transfer function
from w to z (Hee). The LQG control design problem is discussed first,
followed by a discusion of how the control design is interpreted in the same
setting.

An essential part of the LQG/Heo formulation is the selection of (frequency
dependent) weights, control inputs, and measurements. The control design
is based on the diagram shown in Figure 12-6.
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The weighted output vector z consists of the following:
+  Filtered inputs ()

*  Plant states (x,)

TFiltered plant outputs (y)

* Integrated, filtered plant outputs (y;)

The disturbance input vector (w) consists of the following:
*  General LQG state disturbances (w,)

¢ General LQG output disturbances (w,)

* Input-referred disturbances or process noise (w),)

e  Measurement, or sensor noise (w,)

*  Filter noise (wp)

»  Reference noise for the purpose of setpoint tracking (w,)

The measured output consists of the following:
* Integrated, filtered measured plant outputs (y; s.s)
*  Filtered measured plant outputs (y,,, )

*  Measured plant outputs (¥, sns)
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v
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Figure 12-6. LQG/H-Infinity Control Design Configuration

In the block diagram, o,,,, represents a matrix that selects a subset of the
set of plant outputs as measurements. Similarly, 6, selects a subset of the
plant inputs as control inputs. These subsets are determined by the toggle
buttons in the weights window. These allow the user to quickly investigate
the effect of including/excluding sensors and actuators without having to
redefine the plant model.
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The system equations of plant, filters, and integrators are as follows:

Plant (P): X, = A X +Bpuac[+Bpwp+Wx

Yy = Cpxp +wo+w,

Output filter (F)): Xy = Apxy + By, + Wywp
5/ = C}X}; + W)j
Input filter (F,): Xy = Apxy+ By,
u = Cyx;+ D;u,,
Integrator: Xp=y+Wmw,
V=X +w,

Standard LQG (All Toggle Buttons “0ff”)

In LQG synthesis mode, the controller C minimizes a weighted sum of the
steady-state actuator and output variance:

n n

u y

J = limE T T Rxx qu xT 2 2
= tim 2 [ 7] P Y P
u

ux uu
i=1 j=1

where E denotes expectation.

Integral Action

When Integral action is enabled, the controller minimizes a variation on the
LQG cost:

. R, R.||x
J=,11_>HLE [XTMT}{R R] +Zpulul+2p” +y1] a

i=1 j=1
where

t

yi0 = 7= [ y0nar

int
0
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Penalizing the “running integral” of the plant output forces the power
spectral density of the plant output to vanish at zero frequency. In classical
control terms, this forces a pole at s = 0 in the loop transfer function, that
is, integral control. As with PID design, the parameter T;,, gives the time
scale over which the effects of the integral action will take place.

Exponential Time Weighting

When this feature is enabled, the plant is first changed to P(s — a), where a
is the Decay Rate parameter. In other words, the plant is made less stable;
its poles (and zeros) are shifted to the right by the value a. Then, the LQG
controller for this “destabilized” plant is computed. Finally, the poles and
zeros of this controller are shifted left by the Decay Rate parameter a.

One effect of this shifting is that the closed-loop poles are guaranteed to
have real part less than the Decay Rate parameter a, or in other words, the
closed-loop time domain responses are guaranteed to decay at least as fast
as exp(—at). This is why the parameter is called Decay Rate.

Weight Editing

When Weight Edit is enabled, the LQG controlleris based on u; = W, u;
and );j = W, ;y; , which are filtered versions of the plant inputs and
outputs y;and y; (i = 1, ..., n,,j =1, ..., n, ). Without integral action, the
controller minimizes the quantity

1 RXX RXM T
J=th_r>rioE [XT;‘TJ{R R} +Zpuluu+2p”,

i=1 Jj=1

and with integral action, the quantity

R_R
J=I1limFE [ ] + +
[gnm |:Rux Ruu] 11 zp“ lul zpy ! yl]

j=1

where
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The transfer functions W, ; and W, ; are the input and output weighting
transfer functions, respectively. When W, ; = 1 and W, ; = 1, this reduces to
the previously described standard LQG controller.

Notice that integral action also can be accomplished by defining filters that
have poles on s = 0. This is useful if integral action is required for a subset
of the outputs. The standard toggle button for integral action applies to all
outputs.

How to Select w, u, y, and z

The user has complete freedom in designating components of the input and
output vector as external disturbances (w), actuators (i), sensors (y), and
weighted outputs (z).

*  Sensors and actuators are disabled/enabled using the leftmost column
of toggle buttons in the Weights window. This is useful for situations
where you want to know what the value of individual sensors and
actuators is for the achievable control performance. By default,
all outputs are sensors and all inputs are actuators.

* Input-referred disturbances and measurement noise can be selected
using the toggle buttons in the second column of the noise level display
of the Weights window. Setting a toggle button to the “off” position
corresponds to setting the noise variance of the corresponding signal to
Zero.

*  Weighted outputs and inputs can be selected using the toggle buttons
in the second column of the Weights window. Setting a toggle button
to the “off” position corresponds to setting the weight of the
corresponding signal to zero.
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By clicking the button at the bottom of the Weights window, arbitrary
weight matrices can be loaded from Xmath. The noise variances and
weights selected in this way are simply added to the diagonal weight and
noise matrices determined by the push buttons and sliders of the Weights
window. There are certain limitations and restrictions:

 IfR,, is zero, none of the weight sliders on the actuators can be
disabled. This is because of the nonsingularity requirement of the input
weight matrix for the regulator problem.

o If Oy is zero, none of the noise variance sliders of the sensors can be
disabled. This is because of the nonsingularity requirement of the
output weight matrix for the estimator problem.

e If a smaller number of actuators have been selected than there are
sensors, setpoint tracking cannot be expected in case the integrator
toggle button has been enabled.

H-Infinity Solution

The Hee controller design is done in entirely the same setting as the LQG
controller. Selection of sensors and actuators, and extension with frequency
weighting and integrators is identical to LQG.

The interpretation of weights and noise levels is slightly different. The
objective here is to minimize the maximal singular value of the transfer
function from a normalized version w,, of w to a normalized version z, of z.
The normalization is based on the weights and noise levels as determined
by the Weights window.

More precisely, assume that, in the LQG formulation, E,,,,” = Q,,,,, and that
z is weighted in the quadratic criterion by a positive semi-definite,
symmetric matrix n, Q..

Then, w is of the form

and z is of the form

2
z = RZZZ"I

where w, and z,, are normalized quantities.
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1
2 . .
Here O, is a square matrix such that

T
2
wa = wawa

1
2. .
and R}, is asquare matrix such that

The Heo solution is defined as the one that minimizes the maximum singular
value of the transfer function from w,, to z,,.

The only difference in the user interface with the LQG design is that the
decay rate option cannot be selected. The reason for this is that the solution
does not have a separation property like the LQG solution, which is
required for the implementation of a guaranteed decay rate. Another
difference is that certain parts of the combined closed-loop system are not
allowed to have zeros on the imaginary axis. If that is the case, an error
message is reported in a window.

When the Hee performance level vy is large, the Heo controller is
approximately the same as the LQG controller. By reducing y with the
slider or by dragging the horizontal dashed line in the singular value plot,
the algorithm will decrease the maximal singular value to its lower bound.

For practical Hee design, the following should be considered. In order to
achieve the lower bound, the Heo algorithm will sometimes place the
controller poles very far to the left in the complex plane.

Also, the gain at high frequencies is often increased significantly, which
increases the noise sensitivity.

Therefore, a better control performance is often obtained by trying to lower
the Heo norm not to its absolute minimum, but rather to a slightly larger
value.
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Manipulating the Design Parameters

Main Window

The design parameters p and v can be changed using the associated sliders
or the variable edit boxes. If the user types in a value that is outside the
current slider range, the slider range will automatically adjust. Notice that
the slider positions in the Weights window are simultaneously updated
when the p and v sliders are moved. The user can change the ranges for the
sliders using the Ranges window.

The parameters 7;,, and a can be manipulated using the sliders or variable
edit boxes provided the associated toggle button is On. If the toggle button
is Off, then the slider and variable edit box are insensitive; you cannot drag
the slider handle, and you cannot type into the variable edit box.

When the toggle buttons are turned On again, the parameters are restored
to their previous (or default) values.

The design parameters also can be manipulated graphically.

*  When the Decay Rate toggle button is on, a dashed line appears in the
Decay Rate window, showing Rs = a. The user can drag this line left
and right to set the Decay Rate parameter.

¢ When Weight Edit is enabled, the user can graphically manipulate the
poles and zeros of the weight transfer functions or on the plot labeled
Weight Poles & Zeros. Refer to the Editing Poles and Zeros
Graphically section of Chapter 2, Introduction to SISO Design, for
a general discussion of how to move, add, delete, or edit these zeros
graphically.

*  When the Heo performance level toggle button is enabled, the user
can graphically manipulate Y by moving the dashed line in the
Heo Performance window vertically.
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Ranges

To change the ranges of the sliders or plots, select View»Ranges or press
<Ctrl-R> in the LQG window.

The slider ranges also will be changed automatically if the user types a new
value which is outside the current range into the corresponding variable edit
box. The plot also can be re-ranged interactively by grabbing and dragging
the plot axes; refer to the Interactive Plot Re-ranging section of Chapter 2,
Introduction to SISO Design.

Selecting View»Auto-Scale or pressing <Ctrl-A> in the LQG window

causes new ranges to be assigned to the sliders and plots, based on the
current controller.
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This chapter describes multi-loop synthesis. The Multi-Loop window is
used to synthesize a MIMO controller using PID and Root Locus methods,
applying them one-loop-at-a-time. In many practical industrial
applications, this is the way control systems are designed for complex
multivariable plants.

Multi-Loop Window Anatomy

The Multi-Loop Synthesis window is shown in Figure 13-1. From top to
bottom, it consists of:

* A menu bar with entries Special, Edit, and Help.

* A plot area where SISO control loops can be created graphically.
We will call this area the graphical editor.

* A scrolled list of loop names, with actuator and output labels.

*  Alabel Active loop name: and a variable edit box for editing the name
of the highlighted loop.

* A label Status: and a button which can be clicked to change the status
from disabled to enabled, and vice versa.

© National Instruments Corporation 13-1 Xmath Interactive Control Design Module



Chapter 13

Xmath Interactive Control Design Module

Multi-Loop Synthesis

rﬂ Loop Manager
Special  Edit Help
Pressure | je— Water flow
Steam flow
[+
T
Temperature H Fuel flow
Loop name Sensor Actuator Type Status
Loop_1 1 Pressure Water flow <n) ld ________ \
Loop 2 2 Steam flow Fuel flow  <None> Disabled
Loop_3 2 Terperature Fuel flow  <None> Enabled
Active loop name : Loop 1.1 I
Status : Enabled
1

Figure 13-1. Multi-Loop Main Window

After the Multi-Loop window is opened, two plots are added at the bottom
of the ICDM Main window for display of the loop gain magnitude and
phase of the control loops that will be synthesized with the Multi-Loop

method (refer to Figure 13-2).

13-2
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Figure 13-2. Multi-Loop Gain and Phase Plots Added to the ICDM Main Window

Setup and Synthesis Method

This section describes the setup and synthesis method for multi-loop

synthesis.

Multi-Loop Versus Multivariable Design

In most multivariable control design methods such as synthesis, no specific
assumptions are made about which loops should be closed and which ones
not. In general, all components of the resulting controller transfer function
will be nonzero. The multi-loop synthesis method allows the user to close

© National Instruments Corporation 13-3
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one loop at a time. The loops that are not closed are considered to have

a transfer function equal to zero. During the design phase, the user can
modify, delete, disable, or enable controller components of loops that were
designed earlier.

When the user is designing a controller for one specific sensor and one
specific actuator of a multivariable plant, this SISO plant has no obvious
direct relationship with the original multivariable open-loop transfer
function. The reason for this is that each of the earlier designed controller
components results in a modified transfer function for all other pairs of
sensors and actuators.

For example, consider the case of a plant with two actuators and three
sensors in Figure 13-3. This figure shows standard feedback connection,
with scalar signals shown, for a plant with three sensors (outputs) and two
actuators (inputs).

uy Y1

Y2

v

Figure 13-3. Standard Feedback Connection

Suppose that at some moment in the design phase, two loops have been
closed—one from the first sensor to the first actuator, and one from the third
sensor to the second actuator as shown in Figure 13-4.

In Figure 13-4, the two SISO controllers have been labeled C™ and C?,
respectively. When at some moment you are editing (modifying, deleting,
disabling, or enabling) controller C), the transfer function of the
corresponding SISO plant is that of P,,;, as shown in Figure 13-5, so that
P4y 18 the SISO-equivalent plant resulting from cutting the loop between
the first sensor and the first actuator. P, thus depends on which loop you
are designing.
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Figure 13-4. Multi-Loop Configuration with 3-Sensor and 2-Actuator Plant

© National Instruments Corporation 13-5 Xmath Interactive Control Design Module



Chapter 13 Multi-Loop Synthesis
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Figure 13-5. Root Locus Window During the Multi-Loop Design

Figure 13-4 shows an example multiloop configuration for the 3-sensor,
2-actuator plant. There are two loops: one from sensor 1 to actuator 1,
and one from sensor 3 to actuator 2. In multiloop design you can alternate
between designing each of the (SISO) controller transfer functions, with
the other fixed.

Figure 13-5 shows an example multiloop configuration for the 3-sensor,
2-actuator plant considered, redrawn showing C(!) connected to P,
which is the plant with all other loops closed (in this case, just one other
loop). While designing C(V, it is useful to think of it as the SISO controller
for the SISO “equivalent” plant P,,,;. Again, notice that P,,;, depends on
which loop you are designing.
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Opening the Multi-Loop Synthesis Window

The multi-loop window can accept any type of MIMO controller and will
decompose it into its SISO components, one for each loop. Control loops

are categorized as being of type PID or type Root Locus. If a loop is not of
type PID, then it will be categorized as a Root Locus controller. Remember
that the Root Locus Synthesis window accepts any type of SISO controller.

A warning is issued in a dialog box that appears when the order of the
multi-loop imported controller is very high. For instance, acceptance of an
LQG/Heo controller will generally lead to n,n, SISO control loops, each of
which has the full state order. This usually leads to an unacceptably high
order, and the user gets the chance to start from scratch by pressing the
Reset button in the dialog box that appears.

Designing a Multi-Loop Controller

This section describes the multi-loop controller including the graphical
editor, how to manage loops, and loop gain magnitude and phase.

Graphical Editor

The graphical editor consists of two columns of square boxes, where in the
leftmost column each box represents a sensor, and where in the rightmost
column each box represents an actuator. A line between a sensor box and a
actuator box represents a control loop. These connections can be made as
follows:

* By clicking a box in the column to the left (controller inputs), then
clicking a box in the column to the right.

* By drawing a lasso around one or more boxes in the column to the left
with the left mouse button, then drawing a lasso around the same
number of boxes in the column to the right.

For each connection that is made, an entry is added to the scrolled list
with a default name for the loop. The default name is of the form
Loop_<i>_<j>.

Selecting and Deselecting Loops

A loop can be selected by clicking it in the graphical editor, or by clicking
the corresponding entry in the scrolled list. A loop can be deselected by
clicking it again. When a loop is selected, it is indicated in the graphical
editor by a thick line.
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Editing and Deleting Loops

When a loop is highlighted, it can be edited, deleted, disabled, or enabled.
Here, “editing” means designing a SISO controller for the selected loop.
The editing and deleting options are accessible under the Edit pull-down
menu. Disabling or enabling a loop is done by clicking the button at the
bottom of the Multi-Loop window. A loop that has been disabled is
represented by a dashed line in the graphical editor.

There are two choices for editing a loop: PID and Root Locus. After an
option has been selected, the regular SISO Design window opens. The only
difference with the regular SISO Synthesis window is the top part of the
window where loop, sensor and actuator name are listed. Refer to

Figure 13-5, where Root-Locus synthesis was selected. While the SISO
Synthesis window is open, it is impossible to do any kind of manipulation
in the Multi-Loop window. Only after the SISO window is closed, the
Multi-Loop window will become active again. It is therefore not possible,
for instance, to select some other loop and disable it during the SISO design
phase.

Loop Gain Magnitude and Phase

In the plot area of the main window, two plots are displayed where the loop
gain magnitude and phase of each loop that was closed. The loop gain is the
SISO transfer function

L) = V()P ()

where C? is the transfer function of the controller of the selected loop, and
where P(elq)uiv is the SISO-equivalent plant of the ith loop. Here, i refers to
index of the loop in the scrolled list.

The loop displayed in a thick line type is the one that was selected; that is,
the one that is currently being edited. The loops are displayed in the same
line type in the loop gain magnitude and phase plots in the main window.
Whenever a loop is disabled or enabled, the corresponding loop gain
magnitude and phase plots in the main window also will change line type
from dashed to solid, or vice versa.
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Using an Xmath GUI Tool

This appendix describes the basics of using an Xmath GUI tool.

Overview

ICDM was developed using the programmable Xmath GUI (Graphical
User Interface). Using a graphical tool such as ICDM is quite different from
using a toolbox that has a traditional command-line user interface.

To see a menu of Programmable GUI examples, enter guidemo from the
Xmath command area. This displays the menu of GUI demos shown in

Figure A-1.
1. Select a demo (for example, Variable Binding).
2. Click OK.

In a few seconds the demo will appear. Your window manager may require
you to position the window(s) generated by the demo—this is done by
dragging the window to the desired location.

@ Note You can run several demos simultaneously.
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J| Programmahble GUI Examples

# Yariable Binding

+ More Variable Binding

+ Fourier Analysis

+ Puzzle Game

+ Quadratic Optimization

+ Lead-Lag Control Designer
+ HInf/LOG Control Designer
+ (Retwrn to Previous Menu>

+ <Exit Demo>

Figure A-1. Programmable GUI Examples

Each demo has a Help menu in its menu bar, near the upper right side of the
window. The Help messages explain how to interact with the demo and
what it does. It may be helpful to read the rest of this appendix before

(or while) you try the demos.

You can exit a demo by selecting the Special»Exit option.

Interacting with a GUI Application

This section describes the mechanics of interacting with GUI windows.

Tools that use the GUI will create windows that contain, control elements
such as buttons, sliders, pull-down menus, plots, and lists. For example,
Figure A-2 shows the Programmable GUI (PGUI) Example Do It dialog.
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GUI Functions

Appendix A Using an Xmath GUI Tool

ril PGUI Example
Do It | - Toggle button
v value 0 1
| J |
w wvalue ﬂ
1

Figure A-2. Programmable GUI Examples Do It Dialog

Many functions are controlled by the left mouse button. For example, a
button is activated or selected by pointing at the button and clicking the left
mouse button. The PGUI Example dialog has two buttons: Do It and 12.

GUI Objects

Other objects behave as follows:

© National Instruments Corporation

A button (square shaped) is either on or off. Its indicator is filled in
when it is on. It can be toggled by pointing and clicking the left mouse
button. The button shown in Figure A-2 is off. Activating a button
causes some action to be performed.

Radio buttons (diamond shaped) are a group of buttons that have
“radio” behavior, which means that, at most, one can be on at any time.
Like the station selection buttons on a radio, selecting one button
automatically turns off any other button that is on.

A pull-down menu is displayed by depressing and holding the left
mouse button. As the mouse is dragged, the various menu selections
(usually buttons) are highlighted. Releasing the mouse activates the
selected button.

A cascaded menu is indicated by a small arrow to the right of the text
in the button. The cascaded menu is displayed by moving the mouse to
the right.

A text entry area behaves like the command input area in Xmath. Input
is terminated by a new line. Before you can type in it you must “focus”
the keyboard at it by clicking the left mouse button. Focus is indicated
by a border highlight.
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A list is a vertical list of items (strings) that can be selected
(highlighted). Depending on the application, a list can be configured
to allow various types of selection:

— A ssingle-selection list allows only a single line to be selected.
Clicking the left mouse button selects a line. This is the type of list
that appears in the window shown in Figure A-1.

— A multiple-selection list allows multiple lines to be selected. The
selection of a single line is toggled by clicking with the left mouse
button.

—  An extended-selection list also allows multiple lines to be
selected. A contiguous range of items can be selected by pressing
the left mouse button, dragging the mouse, and releasing. Pressing
<Shift> and the left mouse button selects all the items from the
current item to the previous item that was selected with the left
mouse button. Pressing <Ctrl> and the left mouse button
augments (rather than replaces) the existing selections. This
allows discontiguous ranges of items to be selected. This type of
list is used in the history sorting and history column dialogs in the
leadlag demo.

When you select one or more items from a list, you then choose some
action such as Delete or Display.

GUI tools can display a dialog. A dialog is a small window that could
contain a message and one or more buttons. For example, a dialog may
have a single button and a message giving a warning or indicating an
error.

Usually a dialog is modal: you cannot interact with any other GUI or
Xmath windows until the dialog has been removed. If you find you
cannot interact with Xmath or other GUI windows, then look for a
modal dialog that might have been accidently covered by another
window.

GUI tools allow detailed Help messages to be displayed. These are
often listed under a Help pull-down menu at the top-right of the GUI
window. The Help message appears in a new window that provides
scrollbars as needed. The scrollbars are operated with the left and
middle mouse buttons. The window is dismissed by clicking the Close
button.
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GUI windows might contain buttons that display some value. The
value can be changed by clicking the button, whereupon a text entry
area will appear in place of the button. You can enter a new value
followed by pressing <Return>. If the GUI tool does not like your new
value, it reserves the right to change it to an acceptable value that is
displayed again in the button. These buttons are called variable edit
boxes.

The button labeled 12 shown in Figure A-2 is a variable edit box
(displaying the value of the variable w). If you click this button, it is
replaced by the “w value” text entry area as shown in Figure A-3. After
a value is entered from the keyboard, the text entry area is replaced by
the button (for example, the 12 button).

rﬂ PGUI Example
Do It | - Toggle button
v value 0 1
| J |
w value I 19
1

Figure A-3. PGUI Example Dialog after Pressing the 12 Button

GUI windows might contain sliders, which resemble linear
potentiometers and whose values are changed by a linear motion of the
handle. The position of the slider’s handle represents its value. Usually
the limits of the slider are shown at its ends. Figure A-3 shows a slider
with minimum value 0 and maximum value 10. Its value is about 6.
The value of a slider can be changed in several ways:

—  The handle can be grabbed and dragged by clicking the left mouse
button on the handle. Some GUI tools might do something (for
example, change a plot) as the handle is dragged. In other cases,
nothing will happen until the handle is released at the new value.

—  The handle can be set to a new value by clicking with the middle
button at the new value.

—  The value can be increased or decreased a small amount by
clicking the left button away from the handle. Holding the button
down makes the handle steadily move towards the cursor.
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A slider might also appear like a bar graph. Its tip represents the value,
but it will be read-only, that is, the user cannot change its value by
dragging the handle.

Often a value is displayed with a slider and a variable edit box (refer to
for example, the leadlag demo). This allows the value to be changed
either by dragging the slider or entering a new value from the
keyboard.

e GUI windows might contain plots, which can accept graphical input
from the user. The left mouse button is used for graphical input, the
middle for plot zooming, and the right for plot data value viewing:

Xmath Interactive Control Design Module

The function of the left mouse button depends upon the particular
tool and plot. Often a tool will allow a curve to be grabbed and
dragged by depressing the left mouse button with the cursor near
the curve, dragging the mouse with the button down, and then
releasing at a new position.

Clicking the middle mouse button anywhere in the plot creates a
box containing a magnification of a small area of the plot centered
at the cursor. The middle mouse button can be held down and
dragged, which creates an effect similar to dragging a magnifying
glass across the plot. The center of the zoomed window
corresponds to the tip of the cursor.

Pressing <Ctrl> along with the middle mouse button increases the
size of the magnified box. Pressing <Shift> along with the middle
mouse button increases the zoom factor. Pressing <Shift-Ctrl>
along with middle mouse button yields a large zoom box with a
large magnification factor.

By pointing at or near a curve or object in a plot and pressing the
right mouse button, a small window will appear that identifies the
curve or object and gives the coordinates and index of the nearest
data value.

If you press and drag the right mouse button, the selected curve
will be tracked, even if another curve comes close.

Pressing <Shift> along with the right mouse button allows the user
to get values on the piecewise line curve that interpolates the data
values. In this case index 45 .7 means that the selected plot point
is between the 45th and 46th curve index entries.
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Technical Support and
Professional Services

Visit the following sections of the National Instruments Web site at
ni.com for technical support and professional services:

Support—Online technical support resources at ni . com/support
include the following:

Self-Help Resources—For answers and solutions, visit the
award-winning National Instruments Web site for software drivers
and updates, a searchable KnowledgeBase, product manuals,
step-by-step troubleshooting wizards, thousands of example
programs, tutorials, application notes, instrument drivers, and

SO on.

Free Technical Support—All registered users receive free Basic
Service, which includes access to hundreds of Application
Engineers worldwide in the NI Discussion Forums at
ni.com/forums. National Instruments Application Engineers
make sure every question receives an answer.

For information about other technical support options in your
area, visit ni.com/services or contact your local office at
ni.com/contact.

Training and Certification—Visit ni . com/training for
self-paced training, eLearning virtual classrooms, interactive CDs,
and Certification program information. You also can register for
instructor-led, hands-on courses at locations around the world.

System Integration—If you have time constraints, limited in-house
technical resources, or other project challenges, National Instruments
Alliance Partner members can help. To learn more, call your local
NI office or visit ni.com/alliance.

If you searched ni . com and could not find the answers you need, contact
your local office or NI corporate headquarters. Phone numbers for our
worldwide offices are listed at the front of this manual. You also can visit
the Worldwide Offices section of ni.com/niglobal to access the branch
office Web sites, which provide up-to-date contact information, support
phone numbers, email addresses, and current events.
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